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* Section 1

INTRODUCTION

There are many reasons for DoD interest in the development of accurate quantitative
representations of various envirohmenta] parameters. This is Lecause the near
earth space environment influences many military hardware systems. In many cases,
these influences can be designed around but in others they cannot. In such.cases,

system performance can vary with the behavior of this environment.

In this report we review work performed at McDonnell Douglas Astronautics Company :
during the past year. The purpose of this work was to develop a quantitative
model of the magnetospheric magnetic field, and associated procedures for
accurately cataloging charged particle data out to and beyond geosynchronous
orbit. The main reason for the development of this model and procedure was to
provide a capability for mapping charged particle fluxes produced by natural and
manmade sources of ionization. In particular, it had been found that attempts

to accurately map charged particle fluxes from points above the earth's surface
to geosynchronous orbit were not very accurate. One of the main sources of error
was felt to be inaccuracies in the megnetic field model. Thus, one of the tests
of the modelling exercises completed here will be comparisons made by DoD between

model calculations and observed particle fluxes.

It is intended that this model and procedure will be used also for other purposes.
The predecessor magnetic field model (Olson and Pfitzer, 1974) has been distributed
to several dozen groups throughout the world and has been used for a'variety of
reasons that range from very practical (the location of the foot of the field line
to various synchronous orbiting satellites) to other more basic studies that

hopefully will shed 1ight on the basic structure of the magnetosphere and its
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physical processes. It has been the intent of the MDAC group to produce a set of

quantitative environmental models that can be used together to accurately specify

and/or predict several environmental parameters. In this role the magnetic field

model described here will be used as an input in conjunction with other quantitative

models of_néutral upper atmospheric density and ionospheric electron density.
This interaction between models will improve the density models since the corpus-
cular energy sources which inffuence toth ionbspheric and upper atmospheric
parameters at high latitudes are constrained to move along magnetic field lines.
A magnetic field model capable qf describing variations in charged particle
parameters associated with "tilt angle" changes and minor variations in magnetic
activity should be helpful in locating such gross environmental features as the

poleward edge of the mid latitude trough.

The reader of this annual report is cautioned that the results presented here are
not to be Eonsidered the final description of the magnétic field model and the new
B, L coordinate system. Rather, it is intended that the magnetic field model
together with its tests and suggested uses and the B, L coordinate system will
both be described in papers submitted to the Journal of Geophysical Research or

a similar journal. Also, documentation on the computer programs generated during
this contract will be described after further interaction with DoD personnel in

a separate manual.
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Section 2

THE MAGNETIC FIELD MODEL

In our previous magnetic field model (Olson and Pfitzer, 1974) all major
magnetospheric current systems acting as sources to the total magnetospheric
inagnetic field were considered together for the first time. These current systems
include the magnetopause current system, formed by the interaction of the solar
wind particles with the total magnetospheric magnetic field, the tail current
system produced by particles flowing across the tail of the earth's magnetosphere
and returning on its boundary, and the quiet time ring current system produced

by the motion of charged particles moving within the magnetosphere. The magneto-
pause current is formed by particles which interact with the earth's magnetic

field and then return immediately to the magnetosheath. These particles interact
with the current system only for fractions of seconds as they are deflected by the
magnetosphéric magnetic field. The particles flowing across the tail of the
magnetosphere which form the tail currents remain part of that current system for
as long as several days as they make their journey across the tail. The quiet time
ring current system, however, is formed by particles trapped along magnetic field
linés in the inner magnetosphere. These particles may contribute to the currents
for as long as weeks or even months. Although the magnetopause currents fiow only
on a surface (on the magnetopause itself) both the tail current system and the

ring current particles are distributed over a large region of space in the magreto-
sphere. This had previously posed a severe limitation on magnetic field models
since typically scalar potentials were used to represent the magnetic field. A
scalar potential representation cannot be used in the region of the source currents

for the field. Thus, in the Olson and Pfitzer model (1974) the equivalent of a

vector potential was used for the field representation. This allowed for the
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first time the accurate represeﬁtation of the currents flowing in a distributed
fashion throughout much of the magnetosbhere. That model, however, is limited

to the case of perpendicular incidence of the solar wind upon the earth dipole
axis. In order to extend the time of validity of the magnetic field model it is
required that it be valid for all angles of incidence of the solar wind on the
dipole axis ("tilt angles") and for all values of magnetic activity. In the
current modelling exercise the first of these constraints has been removed. The
model described below was developed such that it represents all major magneto-
spheric current systems and is valid for all tilt ang]es.' It is believed that
this model is capable of accurately representing the total magnetospheric magnetic.

field about 30-40 percent of the time - when magnetic activity is low.

2.1 Model Assembly

2.1.1 The Procedure

As with thé 1974 model, a quantitative representation of the various important
magnetospheric current systems was first developed. The ring and tail currents
are initially represented in the form of wire loops. In Figures 1 and 2 projections
of the wire 106p onto the xz plane (in solar magnetospheric coordinates) are shown
for tilt angles of 0 and 35 degrees. It is seen that in the inner magnetosphere
there is a nest of three sets of wire loops used to represent the ring current.
The tail currents flow almost linearly across the upper and lower boundaries

of the plasmasheet in the distant tail while close to the earth they curve around
such that they are in close proximity to the ring current loops. The return

path of the tail currents was constructed to flow approximately on the boundary of
the magnetopause with the shape similar to that used in the determination of the
magnetopause currents. A three-dimensional view of these current systems is shown

in Figure 3.
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The currents flowing on the magnetopause and the associated magnetic field were
determined using procedures similar to those developed by Olson (1969). This
procedure permits the currents to be determined from a known magnetopause shape.
Instead of using a self-consistent shape determined by the pressure balance
condition, a more realistic shépe based on observational data was used. The
magnetopause was therefore represented as being more flared in the dawn dusk
and tail regions and as having a flatter subsolar area. The magnetic fields
from these current systems were then obtained using the Biot-Savart Law. Various
primary tests were used once the magnetic fields were obtained to compare the
results with observations of the magnetospheric magnetic field. Differences
vwere determined and used to calculate changes in the locations and strengths of
the various magnetospheric current systems. It is noted that the initial
estimations of the placement of the wire loops was almost sufficient and little

adjustment was necessary.

2.1.2 Tests in Construction

The purpose of this model was to provide an accurate representation of the total
magnetospheric magnetic field ouf to and beyond geosynchronous orbit. For this
reason we have determined the magnetic field only out to a geocentric distance of

15 earth radii. The model should not be used beyond that region as it was not

< o

constructed with tests valid outside of that region.

o e

B e

One of the most important tests of any magnetospheric magnetic field model is

55 1

the comparison of model results with the observed magnetic field along the earth
sunline. In Figure 4 the quantity 4B is shown along the earth sunline. AB is

the difference between the total observed field and the geomagnetic dipole field.

b It is that contribution to the total field produced by the magnetospheric
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currents. It is seen that the observed field is quite structured in the inner
magnetosphere. 0lder magnetospheric models containing only tBe magnetopause field
are seen to not be capable of describing this structure. Ihdeed it is the field
from the qufet time ring current that produces most of this structure. It is

seen that the new model does an excellent job of representing the observed AB

variations along the earth-sun_line.

Z, ' Note that the one discrepancy between these observations and our new model is in

| the tail region with XSM Y 12 earth radii (SM subscripts refer to solar magnetic

. coordinates). If contours of constant AB are plotted in the noon midnight
peridian plane (the solar magnetic or sclar magnetospheric xz plane) this apparent
discrepancy can be accounted for. The model results are shown for a tilt angle
of 0° in Figure 5. These results can be compared with the observed AB contours
reported by Sugiura and his colleagues (1971) and reprcduced in Figure 6. It is

noted that there is excellent agreement in the placement of the AB = 0 contours.

In order to explain the apparent discrepancy mentioned in Figure 4 it must be
pointed out that the AB = O contour closes in the tail along the X axis at
approximately -14 earth radii. In Figure 7 the AB = C contour for the tilt angle
of 35° is seen to cross the X axis at approximately -9 earth radii. This suggests
that in data sets which contain date averaged over all tilt angles the AB = 0

i contour should lie somewhere near X = - 10 earth radii as is seen to be the case

in the observations reported by Sugiura, et al., 1971 shown in Figure 4.

Attempting to fit the AB contours reported by Sugiura, et al., led to an
abnormally large field in the near earth portion of the tail in the Olson-Pfitzer

;'4 ™ 1974 model. This problem has been brought to 1ight in the present analysis and

has beep corrected in the present model, which for the 0° tilt case and all
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others better represents the avérage magnetospheric field configuration. Evidence
of the abnormally large field in the model was pointed out by R. J. Walker in

his review of magnetospheric field models (1976). This is most readily observed
when the magnitude of the total magnetic field is plotted in the equatorial

plane. Contours of constant total magnetic fields are shown in Figure 8. They
are seen to vary smoothly in the tail region along the earth-sun line. Also,
there is no buildup in field intensity near the subsolar region. These tests

suggest that the 0° tilt version of the present model is now very close to the

observed magnetospheric magnetic field in all ways capable of being tested with

existing observational data sets.

2.2 Model Features and Uses

Having passed the preliminary tests discussed above, the model was used in two
general ways to further test it and provide information on various magnetospheric

magnetic field and particle population features.

2.2.1 Magnetic Field Representations

Field lines in.the noon midnight meridian plane are shown in 2 degree intervals

in Figures 9 and 10 for 0° and -35° tilt. Since some of the field lines on the
nose of the magnetosphere penetrate beyond the magnetopause, there is some
difficulty in assigning a value for the last closed field line. If the

definition is the last line to return to the other hemisphere within the magneto-
pause, then the last closed field line has & latitude value of about 78° while for

a tilt angle of -35° the latitude of the last closed field line is lowered to

approximately 76°.
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Figure 9, Field lines in the noon midnight meridian plane for tiit = 0°,
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The extent of the field lines.into the tail of the magnetosphere is also more

pronounced than in all previous models. This is most c]ear]] illustrated in

Figure 11, taken from Walker's review paper (1976). Two curves have been added

to his figure; that of the new model and the equatorial crossing of a pure

dipole fiela. The figure gives the magnetic latitude as a function of the
equatorial intercept of the corresponding magnetic field line. Thus, for example,
the equatorial crossing of the field line from the magnetic latitude of about 75°

at midnight is approximately 15 RE for a dipole field vhile for our new model the
field line originating at the earth's surface at approximately 70° magnetic latitude
crosses at 15 earth radii in the tail. This feature, the extension of field

lines far into the tail even during quiet magnetic conditions, is well documented

observationally.

Another test of any magnetospheric magnetic field model is provided by several

of the barium cloud releases that have been made in the magnetosphere. In

Figure 12 one of those releases is shown and the magnetic field line illuminated
by the barium is combared with field lines calculated from several models with

the field location and initial direction given at one end of that portion of the
line suggested by the location of the barium cloud. It is seen that the calcu-
lations using our new model perform significantly better than the older models and
along the length of the optical track are well within the error bars for the

position of field line.

One of the long awaited uses of accurate magnetospheric magnetic field models
that include tilt angle effects is the variation in conjugate point locations
that must occur even during quiet magnetic ccnditions. If the location of one

foot of the magnetic field line is held constant over a 24-hour period the

question of the location of the opposite end of that field line arises. In
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Figure 13 the variation in the conjugate point location of a particular field

line is shown for winter and summer solstices and for spring.equinox. It is

seen that at summer solstice and near spring equinox, the conjugate point

variation ip the point is quite small. However, near winter solstice the variation
becomes significantly larger. This is because near winter solstice this particular
point is near the last closed field line location and considerable deily variations
occur as is expected. Typically it appears that the conjugate point variations

for field lines at auroral latitudes should te on the order of several tens of
kilometers over a daily period.. However, sometimes, for field lines moving near
the last closed field Tine location, the variations can be significantly larger.

These are results predicted by the model. One additional check of this and other

magnetospheric magnetic field models might be provided by the search for large

conjugate variation during quiet magnetic conditions.

Another important use of accurate magnetospheric magnetic field models is the
calculation of the intercept at the earth's surface of field lines extending
through geosynchronous orbit. Such computations are necessary in order to
coordinate particle and field work done simultaneously with ground based and
synchronous satellite platform sensors. In Figure 14 the location of the foot

of the field 1ine through synchronous orbit is shown for a dipole only field and
for three different tilt angle values as a function of local time. (Although

the actual field line geometry does not vary in this manner, such a representation
sheds light on the magnitude of the daily variations in field line intercepts
with the earth's surface possible for various synchronous satellite 1ocation§.)
First it is noted that the foot of the field line can be as much as 2° lower

than that of a dipole only field. Early models that contained only the contribu-

tion from the magnetopause currents placed the foot of the magnetic field line

21 B
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at a latitude higher than that of the dipole. The field. 1ine intercept from some
actual synchronous orbit locations are shown in Figure 15. If is seen that the

largest variation is near summer solstice at both geosynchronous longitudes. It
is also noted that the daily variation can be as large as about 150 kilometers in

latitude and a similar extent in longitude.

One final test of this tilted magnetospheric magnetic field is to compare model
calculations of the daily variations in the components of the magnetic field at
the location of the geosynchronous satellite ATS-1 with the daily magnetic
variations observed at the location of the satellite. Such a comparison is shown
in Figure 16 for the months of January and June where the values of the field at
each hour were averaged for the 5 most quiet days during the month. It is seen
that the variations agree quite well in both form and magnitude. Pfevious models

do not come close to repeating the pattern of the observed variations.

2.2.2 The Ordering of Charged Particle Data

In addition to usingAthe model directly to computé various magnetospheric magnetic
field features of interest, it can be used together with the proper formalisms to
study and organize both low energy and energetic charged particle data. The main
purpose in the development of the magnetic field model was to use it together

with adiabatic invariant theory to provide a more accurate means for organizing
low energy charged particle data. This has resulted in the development of a new
“coordinate" system, the B, L coordinate system, it is described in detail in
Section 3. This model and the previous Olson-Pfitzer (1974) model have both been
used very successfully to predict and interpret solar cosmic ray data. The 1974

model was the first magnetospheric magnetic field model capable of predicting
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magnetic cutoff latitudes for. the penetration of solar cosmic rays close to those
observed. Prior to the introduction of this model many theofies had been proposed
to explain the discrepancy between the observations and older model predictions.

In the present model some of the remaining discrepancies have been resolved.

One of the major successes of the Olson-Pfitzer (1974) zero tilt model was the
lowering of the cosmic ray cutoffs by over 4 degrees which brought experimental
observations and theory into close agreement. The zero tilt model brought the
noon and midnight cosmic ray cutoffs into complete agreement. However, a problem
remained at dawn and dusk vhere the cutoffs perdicted by the model were 3°-4° too
high. It was hypothesized that this discrepancy was the result oflan excessively

large field near the dawn dusk flanks of the magnetosphere,

The present model brings the magnetic field values near the magnetosphere toundaries
into better agreement with observations, and is successful in lowering these
cutoffs. Table 1 summarizes the cutoff calculations. The table shows that the
observed and so calculated cosmic ray cutoffs are now in substantial agreement at
all local times. Figure 17 shows a sample cosmic ray trajectory for a 5 MeV

proton. The proton enters the daylit dawn side of the magnetosphere and enters

the polar cap at a latitude of €8°. A survey of cosmic ray access using this nodel
has shown that all particles which enter the polar cap within 3°-4° of the cutoff
enter the magnetosphere through the daylit dawn sice. The particles which enter

the center, or high latitude polar cap, either penetrate directly through the

weak field region of the dayside cusps or arrive via the lotes of the tail field.

The data in Table 1 indicate a very small tilt dependence for the cutoff latitudes.

The tilt dependence is less than a degree at dawn and dusk, a degree or two at

: 27 ’ . iil




AT

R a0y v iia . SOMIMES. L WD Sl L

midnight and possib]y.as much as 3° at noon. These predicted effects are much
smaller than the observed storm time variation of the cutoffs. Thus, to study
the tilt dependence in the experimental data, the storm time dependence must
first be removed. Masley (1975) has cathered a large set (over 500 observations)
of cutoff values using data from the 0GO-6 satellite. Here, orthonormal least
squares fitting techniques were used to fit a parabolic surface in tilt and Kp

through the data set. The function which gave the smallest rms errors is

CUTOFF = a) + au + asu + a4Kp
where u is the tilt angle
K_ is the magnetic index and the

p
a; are the least squares determined coefficients

Figures 18 and 19 show the comparison between theory and observation at Kp =1,

The small dots indicate the best fit 1ine when Kp = 1, the large dots are the

data for 0 < Kp < 2 and the open circles are the tilt dependent cutoff calculations.
There is good agreement between theory and experiment. The scatter of points for
the noon data set is much larger indicating that the Kp dependence does not
adequately remove the dynamic variations. Future studies must use other parameters

Such as DSt to remove this dependence.

2.3 The Associated Induced Electric Field, E;

Any time-varying magnetic field has associated with it an induced electric field
as given by Maxwell's equations. It is of considerable interest to detemine

whether or not the induced electric field associated with the time-varying magnetic
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Figure 17. 5 MeV cosmic ray trajectory with a poiar cap intercept latitude
of 68°. '
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field model described above is of importance for the motions of low energy charged

particles in the magnetosphere. Although several sources of electric fields in

the magnetosphere have been proposed, this is the first one that can be associated

with an accurate quantitative model., This particular induced electric field is

also of interest because its periodicity is so large. Other induced electric
fields associated with magnetic storms and magnetospheric substorms have teen
discussed but their time constants typically range from several minutes to a

fraction of an hour.

It is therefore with great interest that we report our preliminary findings of
this induced electric field. Its magnitude and the strength of its components
are shown over a 24-hour period at the location of the synchronous satellite
ATS-1 at winter solstice in Figure 20. The magnitude of this electric field i§
found to be a large fraction of a millivolt per meter, Fields of this size are
regularly assumed to be of importance to the plasma that fills the magnetosphere.
Contours of constant induced electric field in the equatorial plane are shown in
Figure 21 at winter solstice at universal time = 0. The field intensity peaks
somewhere in the mid magnetosphere and then falls off again toward the magneto-

pause,

The procedure for determining this induced electric field is now discussed.

The induced electric field is most readily determined from the magnetic vector

potential A where E = D x & and E‘I * . -g%‘ Actually E| is determined from the
product EI = - (%) (g%). The values of R were determined at the same time

that the vector magnetic field was being constructed. Like L, X is given
analytically in terms of the tilt angle, u. The analytic formula for the time

derivative of the tilt angle is given in Appendix B.
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It must be pointed out that these resul;s are preliminary and that the induced
electric field f} is by itself only an estimate of the real electric field
produced in the magnetosphere bty the wobble of the earth's dipole axis with
respect to the solar wind., A secondary electric field Eg is produced by charge
separation along magnetic field lines due to the plasma immersed in the magnetic
field. This plasma tends to cancel an electric field along the direction of the
magnetic field lines. Thus, the approximate condition, E « E = 0, applies Qhere
E is total magnetosphere electric field produced by the wqbbling dipole. tis
therefore represented as having tvo sources (1) the induced field which is given
in terms of the magnetic vector potential, and a second source that is derivable
from a scalar potential and is produced by'the charge separation along magnetic
field lines, thus E=- %% - V¢ where ¢ is the electric scalar potential. The
E - B =0 condition then implies that -E] B=v6 -8 or B = - %%-where B

is the unit vector in the direction of ﬁ and s is an element of length along B.

Thus, E,, 1is known everywhere, if ¢ is known over some btoundary it can then be

I
found everywhere in the magnetosphere., A knowledge of ¢ and its gradients
together with the values of the induced electric field suffice to actually

determine the total electric field in the magnetosphere.

This problem was a biproduct of the present study and not investicated in detail.
It is however called to the reader's attention in this report and it is felt it
is an important problem basic to the study of magnetospheric physics, Its

implications may be of considerable inportaﬁce. First, the presence of such a

field demands that magnetic field lines can no longer bte considered as equi-

potential surfaces. Indeed, this work has shown that the potential along the

magnetic field lines extending to geosynchronous ortit can vary ty as much as

7 or 8 kilovolts., The most important consequence of such a field, however, is
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that it can accelerate charged particles in the magnetosphere locally. This is

one of the key problems in magnetospheric physics, to understand how plasmas in

the magnetosphere gain and lose energy. Such an electric field source should at

least accelerate some of the particles some of the time. It would be expected
that it would be those particles that drift around the magnetosphere with a period
close to 1 day. The solar wind plasma with proton energies typically on the order

of 1 kilovolt takes approximately 1 day to rotate around the magnetosphere at fhe

location of geosynchronous orbit. The consequences of this induced electric

field thus appear to be very exciting.




Section 3
THE B,L COORDINATE SYSTEMS FOR PARTICLE DATA ORGANIZATION

. | In order to properly uti)ize this magnetic field model to organize charged
particle data it is necessary that the behavior of the particles in the magnetic
field be properly understood. Adiabatic invariant theory has been used together
with magnetic field models to develop "coordinate systéms" for.the meaningful
representation of the particle data. Northrup and Teller (1960) discussed the
use of adiabatic invariants in describing the motion of charged particles in a
magnetic field. These invariants can be used to describe charged particle
behavior when the change in the magnetic field over one cyclotron radius is very
small, a condition that is satisfied by almost all charged particles trapped

in the earth's magnetic field.

The first adiabatic invariant states

=C . constant. (3.1)

wl_ot

: i.e., the component of energy perpendicular to the magnetic field, wp, divided
{.} by the total magnetic field, B, is a constant. If a is the pitch angle of a
v particle (i.e., the angle that the velocity vector of the particle makes with
the magnetic field vector) then wp = | sinza where W is the total energy of
the particle. Particles trapped in the earth's field bounce back and forth
along field lines between two points called mirror points. The mirror points

f} | are the points where a = 90° and wp = W, and therefore the magnetic field at

EJ ; the mirror points, Bmir’ is
i‘ |
? ' :Ez '
;ji } Bmir c ¢ (3.2)
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That is for a particle of fixed energy Bmir’ the field at the mirror points,

is a constant and may be considered an alternate form of the first invariant.
The second invariant for a particle, the integral invariant, is defined as

1) B L
1- § " Cuir) (o Bye . )2 ds (3.3)

mir
" (Bmir’

where ds is the differential path length along the line of force connecting

the two mirror points r and r' and B" is the parallel component of the magnetic
field. As adiabatic particles move in the earth's magnetic field they bounce

back and forth between their mirror points and slowly drift perpendicular to

the magnetic field in such a way that Bmir and I remain constant. In the.
earth's magnetic field the locus of points in space that have the same Bmir
and 1 form a ring in each hemisphere and the field lines which connect these
rings form a surface on which particles mirroring at Bmir are trapped. This
surface is referred to as a drift shell. In general particles that mirror at
different vaiues of B along a line of force will not follow the same drift
shell (shell splitting). Mcllwain (1961), however, showed that when external
magnetic field sources are neglected (he used the Jensen and Cain 512 term
expansion to represent the earth's main field) this shell splitting effect is
quite small. McIlwain made use of the fact that all particles which initially
drift through a point will always be found on approximately the same shell and
labeled these shells with a unique number, L, where L is approximately the
radial distance in earth radii to the shell at the equator. Therefore, a
ccordinate system which identifies the shell (L) on which a particle moves and

identifies where on the shell it mirrors (Bmfr) uniquely identifies the particle.




In general L, the shell parameter, has the definition L = f(B, I) but McIlwain
showed that for a.dipole field

3 3 :
198 _ (1°B
5 - 1:<TW;) (3.4)

where M is the earth's dipole moment I and B are calculated using the full series
representation of the earth's main field. The function f is evaluated using the
dipole field expression at numerous points in space. An analytic expression for
L in the real field is then obtained using least squares techniques. McIlwain

used the function

3 n=6
LB n
In|l=5~-1] = ] a_X (3.5)
13
where X = 1In —ﬁ—) and a  are fitted by the least squares procedures.

The current version of McIlwain's (B, L) coordinate system considers only the
internal magnetic field sources and thus is valfd near the earth (L 2 3) where
the external field sources are negligible. At larger distances (L 5 3) one

must include the external field sources in order to adequately describe the
magnetic field. By including the external field sources in the definition of
(B, L) the validity of (B, L) can readily be extended to about L = 5. For L < 5§
the asymmetries of the field are small and the approximation that particles on

a given field line will follow the same drift shell is valid. Roederer (1969)
first showed that at large geocentric distances (L > 5, where the field dis-

tortions become large) particles of different pitch angle should follow different

drift shells and that it is important to include shell splitting effects in




T A

order to understand particle behavior in this region. Pfitzer, et al., (1969)
using data from the geosynchronous satellite ATS-1 and the elliptic orbit
satellite 0G0-3, first -emonstrated experimentally the importance of shell

splitting. It was shown that at synchronous orbit particles passina through a

given point and havinag different pitch angles will follow drift shells that may

separate by as much as one R.. (See Figure 22)

3.1 Generalization to the Distorted Field

The first step in generalizing the (B, L) coordinate system is to modify the
magnetic field code to combine an accurate expansion for the internal field
sources with an expansion for the external field sources. The currently avail-
able (B, L) program uses the 1960 Jensen and Cain expansion. Ve have selected
IGS 75 (Barraclough et al. 1975), a more up-to-date and accurate version

of the internal field code and have combined it with the external field expansion

discussed in the Section 2.0. The internal magnetic field code is in spheri-

cal geographic coordinates and the external code in cartesian sclar magnetic
coordinates and therefore several coordinate transformation (see Appendix B)
were developed in order to combine the fields. This total magnetic field is

then used for all (B, L) calculations.

Several methods of extending (B, L) to the distorted field case are possible.
No matter how distorted the field, it is always possible to map directional
» 1)

directly to organize the data or by defining a new L (L*) which is a function

particle fluxes, F(a), by either using the adiabatic invariants (Bmir

of the pitch angle of the measured particle as well as its location. This

coordinate system would most accurately organize directional particle data.

4 —-— | ‘_-_J
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FIGURE 22 -Equatorial intersection of drift shells (using the Mead-Williams
magnetic field model) for p -rticles havina pitch angles of a=65°
and a=90° at the location of the satellite are shown when the
satellite is positioned at 6.6 R-, 0° latitude, and 30° local
time; Rg and By are input parameEer to tne Mead-Williams model
(from Pfitzer, et al., 1969).
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If, however, 6nly omnidirectional data with unspecified pitch anale distributions
are available, very little can be done to improve (B, L) beyond the inclusion

of the external field sources in the calculation of L. However, when the pitch
angle distribution is known, then (B, L) can be modified to represent the average
shell on which the observed particles move. In this study we have used this
third approach. We have modified L and defined an L which represents the

average L value when the particle flux is known to be isotropic.

McIlwain's program for calculating (B, L) evaluates the second invariant by
integrating from the location of the satellite (i.e., Bmir in Equation (3) is
set to the value of B at the location of the measurement) to the conjugate
point. This gives a value of I which is identically accurate for particles
having a pitch angle of a = 90° and thus represents one extreme of the pitch
angle distribution. A1l other particles with different pitch angles will drift
on shells either outside or inside the a = 90° shell. By modifying the Bt
used to determine I to represent a particle that drifts on a shell near the

center of the drift shell distribution we can define a - and then determine

the average second invariant, T, for the isotropic flux case.

A modified (B, L) thus replaces the (B, L) system where L can be obtained from

the following procedure:

1) Determine —ﬁir' A number of drift shells were computed for isotropic
particle distribution in the combined external plus internal field and

the following algorithm was empirically developed for Eﬁir'
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2)

3)

Boir = Bnir 1 Bnir > 3:Bnge

where Bmir is the minimum B along the field line.

If Bmir < 3‘Bmirf then (3.5)
Bmir = Bmir if EL < 3
where
_ /o0.311653 \ /3
EL = i T
mir

Bmir =C - Bmir <3- Bmir 1f EL > 3
where

C=1.34f EL25

C=1+0.15 (EL - 3) ifEL<S

Determine T using the equation

Bmir ;

A 1/2
T=IA <1-§1§)->/ ds (3.7)

where A and A' are the points on the field line where B(s) = Eﬁir'

Substitute Eﬁir and T into

=3 = n=6 B= \]"
LY B I B .
In { —nir _ =) a In ——m—t] (3.8)
n
M n=0 M J

where M is the dipole moment and a, are the coefficients of McIlwain's

expansion.
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The above procedure has the property that as drift shell splitting becomes small,
L approaches L. When drift shell splitting becomes impo}tant L will represent
the average drift shell more accurately than L. The procedure is only slightly
more complicated than the present (B, L) procedure and the only difference in
computer time results from evaluating I over a slightly longer path and from
having a more complicated expansion for the magnetic field. Since L is deter-
mined for an isotropic particle distribution, it will be less accurate fof

other pitch angle distributions. Also, since L represents an average drift
shell, exceedingly strong (e.g., discontinuous) radial gradients in the particle
distribution cannot be mapped accurately with L. For the highly anistropic
cases and for strong radial gradients only directional measurements can be

mapped and L is not the most useful approach, instead L* which is a modification

of L that takes into account the pitch angle of the measurement must be uﬁed.

3.2 Tilt Effects in B, L

In the previous paragraphs we have discussed our extension of the Mcllwain

(B, L) coordinate system to a highly distorted field. Since the dipole of the
earth is inclined to the rotation axis, the tilt angle, u, changes slowly.
This causes the magnetic field at large geocentric distances > SRe to vary
pariodically with a frequency that is slow compared to the time it takes all

B but the lowest energy particles to drift around the earth. Therefore, the

! particles adiabatic invariants remain constant during this change, and at the
end of a day when a 24-hour cycle has been completed the particles (if no other

disturbances have occured) will be in their initial shell positions. Therefore

even thbugb the maanetic field is chanaing with time, L (for a qiven particle

YT O
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set) remains approximately fixed such that any particle whose adiabatic invariants

remain constant will have the same label over the entire 24;hour period of

changing tilt.

Since the magnetic field at a given location varies with the tilt, u, the
value of L will move inward and outward over the 24-hour period. Thus, L
correctly labels the constant drift shells on which the particles move during

the adiabatic field changes.

Appendix A describes the computer programs developed to evaluate L, as well as
all of the programs for determining the magnetic field at a given point in
space. The user is given the option of calculating L as defined initially by
McIlwain, calculating L using the external plus internal field or éa]ucating L

using the external plus internal field.
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Section 4

SUMMARY AND CONCLUSIONS

A new magnetospheric magnetic field model has been developed and described.

It is valid throughout the inner magnetosphere and we believe it cufrently

offers the best description of the total magnetospheric magnetic field during
quiet maanetic conditions. It is valid for all angles of incidence of the solar
wind on the earth's magnetic dipole axis. Its region of validity is out to

a geocentric distance of 15 earth radii or to the magnetopause, whichever is
smaller. The model is semiempriical. That is, it is based on botn the several
physical principles that govern our current understanding of the maanetospheric
magnetic field, and on several data sets that describe quantitatively the struc-
ture of the magnetospheric magnetic field. The quantitative model representation
was done by fitting both the spatial and the tilt angle coordinates simultaneously.
The resulting four-dimensional model represents on average the magnetic field
values input to the fitting routine to approximately 15 percent of their values

with an average error over all three maanetic field components of 0.27 gammas.

The model has been tested in several ways and found to offer an accurate
description of the field in the inner magnetosphere. The model has already

been used to predict the earth intercept of field lines from various geosynchro-
nous satellites. This information is of vital interest to satellite experimental
qroups wishing to coordinate their work with ground based and balloon experiments.
The primary reason for developing the model was to combine it with adiabatic

invariant theory to offer a more accurate means for organizing charged particle

data out to and beyond aecsynchronous orbit. This has resulted in the development
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of a new "coordinate system," the (B, L) coordinates, which will be useful for

such particle mapping exercises.

Because this magnetic field model is in some sense time-variant (as the tilt
angle changes the magnetic field changes through the day), there is associated
with it an induced electric field. Although this induced electric field was
anticipated and vector potential representation of the magnetic field comﬁonents
were obtained in order to easily calculate this induced electric field, it was
not the principle purpose of the contract research and therefore has not been
studied in detail. It is believed, however, that this electric field may exert
considerable influence on the magnetospheric plasma and its study may shed

light on many important problems in magnetospheric physics.

The magnetic field model has also been used togethair with Lorenz force calculations
to study the cutoff in magnetic latitude of the region of penetration of solar
cosmic ray particles. With the introduction of this model there is no longer

any discrepancy between model calculations and observations. Prior to the recent
earlier work of Olson and Pfitzer (1974) the "cutoff problem" was considered

to be one of the key problems in cosmic ray physics and several theories were
promulgated to explain the difference in the observed and calculated cutoff
latitudes. It therefore may be said that use of this model has led to the

solution of this classical cosmic ray physics problem.

Complete listings of the model magnetic field and the new (B, L) coordinate
system routines are given in Appendix A. It is again called to the reader's

attention that this document is meant to be only what it'says, an annual
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report. The final descriptions of the magnetic field model and its testing and
uses will eventually be provided by journal articles whfch will be submitted
shortly. Also, the listings provided in the .opendices should be considered
provisional. A final authoritative descripticn of the model and the (B, L)
coordinate system will be available after some final inputs are obtained from

DoD personnel.




Section 5
APPENDIX A -
COMPUTER CODES

The complete computer prograh developed under this contract effort consists of

a set of nine sepafate routines. These routines may be combined in several
different ways depending on user needs. The four most important configurations
are shown in Table A-1. The program listing which is included in this appendix
is typical for configuration 1. A test deck which exercises all of the subrou-
tines is supplied with configuration 1. This test program can be used to verify

correct operation of the code on the user's computer. All subroutines have been

written in ANSI standard FORTRAN IV.

A definition of each subroutine, the calling sequences, restrictionc and

limitations are contained in the COMMENT cards associated with each routine.

5.1 Subroutine Description

A brief description of each subroutine follows:

INVTST is a test program desianed to exercise the subroutines. It permits
the user to verify the correct operation of the program on his computer.

FLDINT is the field line integration routine which calculates L or U
depending on the option selected. It requires all other subroutines
for correct operation.

BMNEXT determines the total magnetic field at a point by combining an
internal magnetic field code given in geographic spherical coordinates

with an external magnetic field code given in cartesian solar magnetic

_— —.
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coordinates. BMNEXT requires the internal field routine SPHRCM, the
external field routine BXYZMU, and the tilt angle routine ANGLE.
BMNEXT is a generalized total field routine and can provide input and

output in either spherical or cartesian geogranhic coordinates.

BXYZMU is the tilt dependent external magnetic field subroutine. It

supplies the magnetic field contribution from the external current
sources (ring, tail, and magnetopause) as a function of position and

the tilt of the dipole axis. Input and output are in solar magnetic
coordinates. This routine is completely self-contained and requires no
other routines for its operation. However, subroutine ANGLE may be used

to determine the tilt angle, u, as a function of time.

SPHRCM is a modification of J. C. Cain's (USGS) fast SPHRC routines. They

have been shortened from a fourteenth order expansion to a nineth

order expansion and combined into a single subroutine. A smooth trun-
cation scheme has been added such that for large distances fewer

terms are used. The terms are turned off gradually. The version used

for this study contains the IGS 75 (Barraclough, et al., 1975) coefficients
through n = 9. SPHRCM may be used independent of all other routines.

ANGLE is a subroutine which calculates the position of the sun in the

celestial sphere and determines the tilt angle, u, as well as the
rotation sines and cosines for transforming from geomagnetic to solar
magnetic coordinates. ANGLE is self-contained and may be used indepen-
dent of all other routines. Derivations of these angles are given in

Appendix B.

INTERP is a parabolic interpolation routine which fits a parabola through

three points and evaluates the function at a specified location. It

is an independent routine.

‘ - — - . ‘
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MAXFIX determines B.

mip diven Bmi and Bmin‘ The algorithm for Bmir is !

r
given in Section 3.2.

CARMEL is a copy of C. E. McIlwain's (University of California, San Diego)

code for determining L. Given Bmir and I, CARMEL calculates L; or

given B .. and T, CARMEL determines L. CARMEL may be used independent

of all other routines.

5.2 Sample Output Description

The test program (INVTST) produces a sample output used by callina the field

line integration routine (FLDINT) at various locations and times (see Section 5.4).
L is determined for three separate cases: (1) Internal field only (L INT),

(2) internal plus the external field (L INT+EXT), and (3) L which uses internal
plus the external field (L AVE).

The definition of the column headings for the sample output are given below:
LAT The geographic latitude in degrees.
LONG The geographic east longitude in degrees.
R The geocentric radial distances. R = 1.0 is 6371.2 km.
DAY@FYR The day of the year (1-366). January 1 is DAY@FYR = 1,
L The value of L or L.
BMIN The minimum value of the magnetic field along the field line.
MAGLONG The magnetic longitude in degrees measured eastward of the meridian
through the dipole and the ageographic pole (~63° W longitude).
MAGLAT The magnetic latitude in degrees. +90° magnetic latitude is at

11.7° North and 69° llest geographic.




CPTIME

Central processor execution time in seconds on a CDC 6600 for the
determination of a single value of L. Because of the uncertain-
ties involved in measuring such short times, the times may be in
error by as mush as +0.002 second. These times are useful in

informing the user of the relative computer times required for the

three L options.
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5.3 Program Listing

PROGRAM INVTSTCINPUT,OUTPUT, TAPE6=0UTPUT)

DIMENSION TAR(C3)

DATA TAR/ 10H L INT ,10H L INT+EXT,10H L AVE /
LN=100

DO 1 ID=1,90,89

DA=1ID

DO 1 Iu=1,19,6

utT=1u-1

LN=100

DO 1 IL=1,31,30

FLAT=IL-1

DO 1 ILG=1,181,90

XLONG=ILG-1

DO 1 IR=2,8,3

R=IR

D0 1 IC=1,3

CALL SECOND(TA)

CALL FLDINT(FLAT,XLONG,R,1975.,DA,UT, 1C-2,EL,BM, XMLONG, XMLAT)
CALL SECOND(TB)

TC=TB-TA
LN=LN+1}
IF (LN.LT.58) GO T0 10
LN=0
PRINT 11 "
11 FORMAT(1H1,15X, *LAT LONG R DAYOFYR TI
*ME L BMIN MAGLONG MAGLAT CPTIME',
*//)
12 FORMAT(A10,10F12.5)
10 PRINT 12, IAR(IC) FLAT,XLONG,R,DA, UT, EL,BM XMLCONG, XMLAT, TC
1 CONT!NUE

END




SUBROUTINE FLDINT(XLAT,XLONG,R, YR, DAY, TIME, JSWTCH,EL,BBMIN, XMLONG,
SXMLAT)

FLOINT CALCULATES THE SECOND ADIABATIC INVARIANT BY INTEGRATING ALONG
MAGNETIC LINES OF FORCE
IT CAN CALCULATE EITHER THE OLD INTERAL FIELD ONLY L, L MODIFIED
BY THE EXTERNAL FIELD, OR AN AVERAGE L BASED ON ISOTROPIC PARTICLES
CALLING SEQUENCE - INPUT PARAMETER
XLAT GEOCENTRIC LATITUDE INDEGREES 1
XLONG GEOCENTRIC LONGITUDE EAST OF GREENWHICH IN DEGREES :

R GEQOCENTRIC DISTANCE FROM THE EARTHS CENTER IN UNITS OF
EARTH RADII, RE. RE=6371.2 KM
YR THE YEAR - USED BY SOME MAIN FIELD ROUTINES YO SET THE

COEFFICIENTS (E.G. JULY 15,1964=1964.54)
NOTE==»» YR SHOULD BE CHANGED ONLY EVERY FEW DAYS OR MONTHS.
NEW FIELD COEFFICIENTS MUST BE COMPUTED FOR EVERY CHANGE
IN YR, THIS COULD CAUSE A LARGE INCREASE IN COMPUTER TIME.
THE EARTHS FIELD CHANGES ONLY ABOUT .001 GAUSS/YEAR AT THE
EARTHS SURFACE,
DAY THE DAY OF YEAR (1.-366.). DAY IS USED BY THE DIPOLE TILT
ROUTINE.
DAY MUST BE A WHOLE NUMBER AND DAY 1 IS JANUARY 1
TIME UNIVERSAL TIME IN HOURS (0.000-24.0000)
JSWTCH =-1 COMPUTE L USING INTERNAL FIELD ONLY
= 0 COMPUTE L USING INTERNAL + EXTERNAL FIELD
=+1 COMPUTE AVERAGE L USING INTERNAL + EXTERNAL FIELD
OUTPUT PARAMETERS
EL THE L VALUE DETERMINED AS REQUESTED BY JSWTCH
BBMIN THE MINIMUM VALUE OF B ALONG THE FIELD LINE IN GAUSS
XMLONG THE MAGNETIC LONGITUDE MEASURED EAST OF THE MERIDIAN
CONNECTING THE TWO POLES (APP.EAST OF 69W GEOGRAPHIC)
XMLAT THE MAGNETIC LATITUDE

#x3¥NOTE»»»»
SINCE THIS ROUTINE USES AN ACTUAL MAGNETOSPHERIC MAGNETIC FIELD,
THE FIELD LINES ARE NOT ALL CLOSED. THUS L IS DEFINED ONLY IN THE
INNER MAGNETOSPHERE. AN ATTEMPY TO CALCULATED L OUTSIDE OF THIS
REGION WILL SET L EQUAL TO 100. (EL=100.)
BBMIN WILL BE SET TO THE LOCAL VALUE OF B.
X R R R R E R R J
COMMON/BXVZCM/VEAR,DGVVR,UT,XMLG,KODE,JSU,INITL,XHLY
4 DIMENSION X(3),XL(3),0(3),QL(3),B(3),BL(3),SS(3),RR(3),BB(100,“),
-4 #5(100),505(100),BINTL(3),XX(3)
DIMENSION SXJ(100)
DATA P29,0P7/.29289322,1.70710678/
DATA PICON/.01745329252/
C SET UP INITIAL CONDITIONS
YEAR=YR
| UT=TIME
DAYYR=DAY
KODE=1
JSW=JSWTCH
COSINE=COS(XLAT*PICON)
XX( ) )=R*COSINE=*COS(XLONG*PICON)
XX(2)=R®COSINE*SINC(XLONG*PICON)
XX(3)=R*SIN(XLAT«P]ICON)
! i INITL=0.

Yo
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N=2
CALL BMNEXT(xXx,B,BB(2,1))
IFCXMLG.LT.0.) XMLG=XMLG+360.
XMLAT=XMLT
XMLONG=XMLG
C EXIT IF OVER THE POLAR CAP OR DISTANCE IS TOO ! ARGE OR FIELD IS T0O
C WEAK.
IF(ABS(XMLT).GT.75..0R.R GT,12..0R.B8B(2,1).LT.0.00025) GO TO 330
INITL=)
! NBMIN=2
? MAXFLG=0
1 XJ=0
1SWw=0
IPASS=0
EL=0
0o 10 I=1,3
BINTLC(I)=B(])
XCI)=xx(1)
10 Q(I)=0.
S(2)=0.
C SET UP ERROR CONSTRAINTS
ERRR=.005
ERR=ERRR/10.
SER=SQRT((X(1)s82+X(2)382+X(3)582)sERR )
FER=ERR*%0.25
DEL=-2.5+FER
DS=SER
BMAX=8B(2,1)
BMIN=BMAX
C STEP ONCE IN THE INCREASING FIELD STRENGTH DIRECTION AND SET STEP TO
C INTEGRATE IN DECREASING FIELD DIRECTION
IF(XMLT.GT.0.)GO TO 30
i 20 DEL=-0DEL

DS=-DS
30 00 35 I=1,3
{ 35 XL(I)=X(])+DS*B(1)/BB(2,1)

CALL BMNEXT(XL,BL,8B(1,1))
IF(BB(1,1).LT.BB(2,1)) GO TO 20
E C DETERMINE CURVATURE AND DETERMINE STEP SIZE
3 S(1)=DS
40 CURV=0.
CURVMN=ABS{DEL )/(1.5%(X(1)*%s2+X(2)%52+X(3)s%2)%%( 75)*FER)
0o 50 I=1,3
50 CURV=CURV+((B(I)/BB(N,1)-BL(T)/BB(N-1,1))/DS)*»»2
CURV=SQRT(CURV)
CURV=AMAX1(CURYV, CURVMN)
C- DEL/CURV
£ ] DS=SIGNCAMINI(ABS(DS),2.8),05)
! C SAVE LAST STEP ’
. 60 DO 65 1=1,3
XLEI))=X(1)
QL(I1)=a(T1)
. 65 BL(I)=B(I)
C BEGIN GILLS METHOD OF RUNGE KUTTA INTEGRATION
66 P5DS=.5+DS
{ P29D5=P29*DS
- OP7D5=0F7#DS

Ay
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SDS(N)=DS
0o 70 I=1,3
SS(I1)'=P50S+B(1)/BB(N,1)
RR(I1)=SS(1)-Q(1)
XCI)=XCI)+RR(1)

70 Q(I)=QCI)+3.#RRCT)-SS(1)
CALL BMNEXT(X,B,dB(N,2))
00 71 I=1,3
SS(I1)=P290S*B([)/BB(N,2)
RR(1)=SS(1)~P29+Q(1])
XCID)=X(CI)eRR(])

71 QCIN=Q(TI)Y+3.#RR([I=-SSCTI)
CALL BMNEXT(X,B,BB(N,3))
Do 72 1=1,3
SS(1)=0PTDS*B(1)/BB(N,3)
RR(1)=SS(1)-0P7+Q(1])
XCI)=X(I)eRR(I)

T2 Q(I)=Q(I)+3 . #RR(T1)=5S(1)
CALL BMNEXT(X,B,BB(N,4))
Do 73 I=1,3
SS(1)=P5DS#B(1)/BBIN,4)
RROI)=(SS(I)=-Q(]1))/].
XCI)=X(I)«RR(1)

73 Q(I)=QC(I)+3 . *RR(I)-SS(I)
N=N+1
S(N)=S(N-1)+DS
CALL BMNEXT(X,B,BB(N,1))

IF N IS T0OO BIG STOP CALCULATION
IF(N.GE.100) GO YO 300
IF DISTANCE TOO LARGE OR FIELD TOO SMALL EXIT

[FOX(] )*%2+X(2)%%2+X(3)»22 GT. 144, . 0R.BB(N,1) LT .0.00025)G0 YO0 330
IF(ISW)200,100,150

100 IF(BB(N,1).GE.BMINIGO 70 110
BMIN=BB(N, 1)
NBMIN=N

110 IF(BB(N,1).LT.BMAX) GO TO 40

C IF BmAXx IS EXCEEDED STOP INTEGRATION
IF(MAXFLG.EQ.O0) GO TO 190
120 m=1

125 CALL INTERP(BB(N-2,1),6S(N-2), BMAX,SF, 1)
N=N-M
CHECK TO SEE THAT LAST STEP IS CLOSE TO BMAX
IF(ABS(SF-S(N)).LT.SER) GO TO 160
DS=.97*(S5F-5(N))
ISw=1
130 IF(M.EQ.0) GO TO 60
00 140 I=1,3
X(1)=xXLC¢])
Q(I)=QL(I)
140 B(I)=BL(I)
GO TO 66
150 IF(BB(N,1).GT.BMAX) GO TO 120
m=0
GO TO 125
160 IF(N-3)180,170,200
170 IFCIPASS.NE.O) GO Y0 200
TO0 FEW POINTS TO FIND L GET ONE MDRE
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1sw=-1
DS=0.5%(S(N=-1)=S(N))
GO TO 130
180 IF(IPASS.EQ.0) GO TO 185
182 SXJ(3)=5XJ(2)
SXJ(2)=5%XJ(1)
SXJC1)=5XJ(4)
BB(3,1)=BB(2,1)
BB(2,1)=BB(1,1)
BB(1,1)=bB(4,1)

N=3
GO TO 215
CALCULATE L FROM BMIN IF POINT IS NEAR BMIN OR IF INTEGRATION FAILS
85 XJ=0.
EL=(0.311653/BBMIN)»=(1./3.)
RETURN

190 MAXFLG=1
CALL INTERP(BB(NBMIN-1,1),S(NBMIN=-1),0ummy, BBMIN, ~1)
CALL MAXFIX(BMAX,BBMIN)
G0 TO 110

FIELD LINE INTEGRATION COMPLETE CALCULATE INVARIANT
200 XA=0
QA=0
S0Sv=SD0S(2)
SXJ(2)=0.
NN=N-1
DO 210 K=2,NN
D5=S0S(K)
P5DS=.5+%DS
P29DS=P29*DS
OP70S=0PT7*DS
FACTOR=0.
IF(BB(K,1).LT.BMAX)FACTOR=SQRT(1.-BB(K,61)/BMAX)
SA=P5DS»FACTOR
RA=SA-0QA.
XA=XA+RA
QA=QA+3.*RA-SA
FACTOR=0.
IF(BB(K,2).LT.BMAX)FACTOR=SQRT(1.~BB(K,2)/BMAX)
SA=P29DS+*FACTOR
RA=SA-P29*QA
XA=XA+RA
QA=QA+3.*RA-SA
FACTOR=0.
IF(BB(K,3).LT.BMAX)FACTOR=SQRT(1.-BB(K,63)/BMAX)
SA=0PT7DS#FACTOR
RA=SA-0PT*QA
XA=XA+RA
QA=(JA+3. *RA-SA
FACTOR=0.
IF(BB(K,4) . LT.BMAY )FACTOR=SQRT(1.-BB(K,64)/BMAX)
SA=P5DS*FACTOR
RA=(SA-QA)/3.
XA=XA+RA
0A=QA+3 . *RA-SA
SXJ(K+]1)=XA
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Eé 210 CONTINUE
B C INTERPOLATE TO IMPROVE INVARIANT VALUE
Fi 215  CALL INTERP(BB(N-2,1),SXJ(N-2),BMAX,6XXJ, N)
{.,é XJ=XJ+ABS(XXJ)
E C IF 2ND PASS OR BMAX WAS NOT CHANGED STOP INTEGRATION
E' IFCIPASS.NE.O) GO TO 230
X IF(ABS(BB(2,1 )-BMAX)/BMAX . LT.ERR) GO TO 230
Ei 1PASS=1
§ SXJ(1)=5XJ(3)
Ei BB(1,1)=8B(3,1)
| S(1)=5(3)
El CALL INTERP(BB(2,1),5(2),BmAX,SF,2)
F IFCABS(SF).LT.SER) GO TO 182
¢ DEL=~DEL
. DS=-SDSV
D0 220 I=1,3
f XCIH=XX(1)
' Q(1)=0
| 220 B(I)=BINTL(I)
E N=2
; 1SW=0
‘ GO TO 60
i C CALL MCILWAINS L EXPANSION
’ 230 CALL CARMEL(BMAX,XJ, EL) .
RETURN

o

O

300 WRITE(6,310)
310 FORMAT(20H FIELD LINE TOO LONG)
C IF EL CANNOT BE CALCULATED SET BBMIN TO LAST VALID VALUE OF B

C AND SET EL TO 100.

330 BBMIN=SQRT(BINTL(1)»%2+BINTL(2)*%2+BINTL(3)*%2)
EL=100.
RETURN
END
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SUBROUTINE BMNEXT(XX,B,BMAG) ,
SUBROUTINE FOR MAGNETIC FIELD MAIN PLUS EXTERNAL
VERSION 9/1/76
DETERMINES THE VECTOR MAGNETIC FIELD IN GEOGRAPHIC COORDINATES
USING A SPHERICAL COORDINATE EXPANSION OF THE EARTHS FIELD AND A
CARTESIAN COORDINATE EXPANSION OF THE BOUNDARY, TAIL AND RING
CURRENT FIELDS IN SOLAR MAGNETIC COORDINATES

INPUT AND OUTPUT ARE VIA THE ARGUMENT LIST AS WELL AS THRU A COMMON
BLOCK BXYZCM. UT, KODE, DAYYR, XMLG, XMLT, JSW, AND INITL ARE
TRANSMITTED THROUGH COMMON.

COMMON BLOCK ARGUMENTS
KODE=1 SPECIFIES THAT INPUT AND OUTPUT ARE TO BE IN CARTESIAN COORDS
KODE=2 SPECIFIES THAT INPUT AND OUTPUT ARE TO BE IN SPHERICAL COORDS
urt IS THE UNIVERSAL TIME IN HOURS (0.-24.)
DAYYR IS THE DAY OF YEAR IN DAYS -- IT IS ONLY USED IF A TILTED
MAGNETOSHERIC EXTERNAL FIELD IS USED
THIS DECK IS SUPPLIED WITH A TILT DEPENDENT VERSION OF THE
EXTERNAL FIELD.
Jsw LESS THAN ZERO -~ GET INTERNAL FIELD ONLY
IF GREATER THAN ZERO CET INTERNAL PLUS EXTERNAL MAGNETIC FIELD
INITL IF EQUAL TO ZERO SET UP THE VALUES FOR XMLT AND XMLG
IF NOT EQUAL TO ZERO DO NOT CHANGE THE VALUES OF XMLG AND XMLT
XMLG THE MAGNETIC LONGITUDE IN DEGREES.
69 DEGREES WEST GEOGRAPHIC 1S ZERC MAGNETIC LONGITUDE
XMLT THE MAGNETIC LATITUDE IN DEGREES.

ARGUMENT LIST
XX IS A THREE DIMENSION INPUT ARRAY CONTAINING THE POSITION IN
GEOGRAPHIC COORDINATES
IF KODE = 1
XX(1)=X, XX(2)=Y, XX(3)=Z. X,Y,Z ARE IN EARTH RADII Z IS THE
GEOGRAPHIC N. POLE X IS IN THE MERIDIAN OF GREENWICH Y=X CROSS Z
IF KODE = 2 :
XX(1)=R, XX(2)=COLATITUE IN DEGREES, XX(3)=LONGITUDE IN DEGREES
R IS IN EARTH RADII, LONGITUDE IS 0-360 + IS EAST OF GREENWHICH
B IS A THREE DIMENSIONED QUTPUT ARRAY CONTAINING VECTOR FIELD
IF KODE = 1
B(1)=Bx, B(2)=BY, B(3)=BZ B IS CARTISIAN AND IN GAUSS
IF KODE = 2
B(1)=BR (OUTWARD), B(2)=BTHETA (SOUTH), B(3)=BPHI (EAST) IN GAUSS
BMAG IS THE MAGNITIDUE OF THE FIELD IN GAUSS
FOR FURTHER INFORMATION CALL OR WRITE K.A. PFITZER AT MCDONNELL
DOUGLAS IN HUNTINGTON BEACH CALIFORNIA (T714) 896-3231
DIMENSION X(3),B(3),XX(3)
COMMON/BXYZCM/YEAR, DAYYR, UT, XMLG, KODE, JSW, INITL, XMLT
COMMON /GCOM/ ST,CT,SP,CP,ADR, BT, BP, BR, NMAX
DATA PICON/5T7.29577951/,SIND,COSD/.2027872954,.9792228106/,
*569,C69/.9335804265,.3563679495/, UTLST, DAYLST/2%123456./

IF EITHER TIME OF DAY OR DAY OF YEAR HAS CHANGED -- UPDATE THE TILT
IF(UT.EQ.UTLST.AND.DAYYR.EQ.DAYLST) GO T0 1
UTLST=UT

DAYLST=DAYYR

CALL ANGLE (TILT,6SPS,CPS)

IF(XKODE.GT.1) GO 70 3
CARTESIAN ENTRY
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X(1)=xX(1)
X(2)=XX(2)
X(3)=XX(3)

R2=X( 1 )*»2+X(2)%%2
R=SQRT(X(3)»*2+R2)
R2=SQRT(R2)
Cr=X(3)/R

ST=R2/R

CP=X(1)/R2
SP=X(2)/R2

GO 10 5

SPERICAL ENTRY

R=XX(1)
THETAG=XX(2)/PICON
PHIG=XX(3)/PICON

CT=COS(THETAG)
ST=SINC(THETAG)
CP=COS(PHIG)
SP=SIN{PHIG)
X(1)=R*STx*CP
X(2)=R*ST*SP
X(3)=R*CT

ROTATE THE X-AXIS INTO THE DIPOLE LONG -69

BX=0.

By=0.

BZ=0.

IF(JSW.LT.0O.AND,INITL.NE.O) GO TO 9
XPP=X(1)xC&9-X(2)%569

YPP= X(1)*569+X(2)*C69

ROTATE THE Z-AXIS INTO THE DIPOLE AXIS (11.8)
ZP=XPPx*SIND+X(3)*xC0SD
XP:XPP*COSDﬁx(3)'SIND
YP=YPP
IFCINITL.NE.O) GO TO 6

IF INITL IS ZERO SET UP XMLG AND XMLT
XMLG=0.

[FCYP.NE.O..OR.XP.NE.O.) XMLG=PICON=ATAN2(YP, XP)
XMLT=90.~AC0S(ZP/R)*»PICON
IF(JSW.LT.0) GO TO 9

ROTATE X-AXIS BACK TOWARD THE SUN APPROXIMATELY -(180+UT-69)
X(1)=XP*CPS-YP=SPS
X(2)=XP*SPS+YP=CPS
X(3)=ZP

GET THE EXTERNAL CONTRIBUTION
CALL BXxYzZmu(x,B, TILT)

ROTATE THE X-AXIS TO THE DIPOLE LONG APPROXIMATELY (180+UT-~69)
BMXx=B(1)*CPS+B(2)*SPS
BMyY=-B(1)*SPS+B(2)»CPS
BMmz=B(3)

ROTATE THE Z-AXIS BACK TO GEOGRAPHIC THE Z-AXIS (-11.8)
BGMX=8mx»C0SD+BMZ*SIND
BGMY=BmyY
BGMZ=-BMX*SIND+BMZ*COSD

ROTATE X-AXIS BACK TOWARD THE GREENWICH MERIDIAN
Bx=BGMXx*C69+BGMY*S69
BY=-BGMX*569+BGMY*»C69
Bz=8BGMZ

62




c
9

c

c

C
10

20

GEY MAIN FIELD
CONTINUE
AQR=1./R
CALL SPHRCmM

COMBINE MAIN FIELD AND EXTERNAL FIELD
[F(KDDE.GY.1) GO TO 10

CONVERT COMPONENTS TO CARTESIAN COORDS (X TOWARD GREENWICH MERIDIAN)
B(1)=(BX+CP*(ST*BR+CT*BT)~SP*8BP)*0.00001
B(2)=(BY+SP*(ST*BR+CT*BT)+CP*xBP)»0.00001
B(3)=(BZ+CT#BR-ST*BT)»0.00001
GO T0 20

CONVERT T0 SPHERICAL COORDINATES
B(1)=(BR+(BX*CP+BY»SP )*ST+B87ZxCT)%0.00001
B(2)=(BT+(Bx*CP+BY*SP )*CT-BZ*%ST)*0.00001
B(3)=(BP+BY»CP~BX*SP)x0.00001
BMAG=SQRT(B(1)¥*2+B(2)*»2+B(3)*%2)
RETURN
END




R

.

OOO0OO0O0O0O0O0O0O00O0OO00O000O0O0O00O00O0000O00O00000a000O0a0O00no0n

SUBROUTINE BXYZMU(XX,BF, TILT)

VERSION 11/01/76
THIS SUBROUTINE COMPUTES THE MAGNETIC FIELD FROM SOURCES EXTERNAL
TO THE [ARYH. NO INTERNAL FIELD IS INCLUDED IN THIS ROUTINE.
IT INCLUDES THE FIELD CANTRIBUTIONS FROM THE MAGNETOPAUSE CURRENTS,
AND CURRENTS DISTRIBUTED THROUGHOUT THE MAGNETQOSPHERE (THE TAIL AND
RING- CURRENTS). IT IS VALID FOR ALL TILTS OF THE EARTHIS OIPOLE
AX1S AND IS VALID DURING QUIET MAGNETIC CONDITIONS.
A GENERALIZED ORTHONORMAL LEAST SQUARES PROGRAM WAS USED TO FIT THE
COEFFICIENTS OF A POWER SERIES (INCLUDING EXPONENTIAL TERMS) THROUGH
FOURTH ORDER IN SPACE AND SECOND ORDER IN TILT.
THIS EXPANSION HAS BEEN OPTIMIZED FOR THE NEAR EARTH REGION AND
IS VALID TO 15 EARTH RADII. QUTSIDE OF THIS REGION THE FIELD
DIVERGES RAPIDLY AND A TEMPLATE SETS THE FIELD TO ZERO.
IN ORDER TQ IMPROVE COMPUTATIONAL SPEED THE FIELD IS SET TO ZERO
BELOW 2 EARTH RADII. (IN THIS REGIQN THE MAIN FIELD DOMINATES AND
THE VARIATIONS EXPRESSED BY THIS EXPANSION ARE NOT SUFICCIENTLY
ACCURATE TO PREDICT VARIATION ON THE EARTHIS SURFACE).
CALLING SEQUENCE*x*x»»=»
INPUT PARAMETERS
X X IS A 3 DIMENSIONED ARRAY GIVING THE POSITION OF THE POINT
WHERE THE FIELD IS TO BE CALCULATED. XX(i), XX(2), AND XX(3)
ARE RESPECTIVELY X, Y, AND Z EXPRESSED IN
EARTH RADDII IN SOLAR MAGNETIC COORDINATES. Z 1S ALONG THE
NORTH DIPOLE AXIS, X IS PERPENDICULAR TQ Z AND IN THE PLANE
CONTAINING THE Z AXIS AND THE SUN-EARTH LINE, Y IS PERP. TO X
AND Z FORMING A RIGHT HANDED COORDINATE SYSTEM. X IS POSITIVE
IN THE SOLAR DIRECTION.
TILT IS THE TILT OF THE OIPOLE AXIS IN DEGREES. IT IS THE
COMPLIMENT OF THE ANGLE BETWEEN THE NORTH DIPOLE AXIS AND
THE SOLAR DIRECTION (PSI), TILT=90-PSI,
QUTPUT PARAMETERS
BF IS THE 3 DIMENSIONED ARRAY CONTAINING THE COMPONENTS OF THE
FIELD IN SOLAR MAGNETIC COORDINATES. BF(1), BF(2), AND BF(3)
ARE THE BX,BY, AND BZ COMPONENTS IN GAMMA,

DIMENSTON BF(3),XX(3),AAC64) BB(64), CC(44),DD(44), EE(6Y4), FF(6H),
*A(32),B032),C(22),D(22),E(32),F(32),TT(4), ITAC32),1TB(22),1TC(32)
OATA CITACE), I=1,32) #2,%,2,%,2,8,1,2,1,28,9,2,1,2,1,2,2.1,8,2,8,1,
3 .%,8,%,2,1,.2,8,2,0/

DRt CITBLEY, 120,220 72,8,2,0,2,2,%,2,2,2,8,8,1,8,0,8.1,8,8,2 1,87
DATA CETCUT ), B=y, 30 7%, 2,1, 2,0,1,2,1,2,8,2,1,2,8,8,1,0,8.1,0,0,2,
£.,2,5,2,8,2,1,1,1,87

DATA (AACT), I=1,64)/-2.26836E-02,~1.01863E-04, 3.42986E+00,

.12195E-04, 9.50629E~03,-2.91512E-06,-1.57317E-03, B.62856E-08,
,2647BE-05, 1.62924E~08,~1.27545E-04, 1.90732E-06,-1.65983E-02,
. 466B0E-09,~5.55850E~05, 1.37404E-08, 9.91815E-05, 1.59296E-08,
52864E-07,~T.17669E~09, 4.9862TE-05, 3.33662E-10,-5.97620E-02,
L 60669E-05,~2.29457E~01,=1.4377TE-04, 1.09403F-03,-9.15606E-07,
. 60658E-03,~4.01198E-0T7,-3.15064E-06, 2.031256-09, 4.92887E-04,

=

3

1

2

~- -t ® L w

“~1.80676E~07,~1.12022E-03, 5.98568E-07,-5.90009E-06, 5.16504E~09,
“~1.48737E~06, 4.B34T7E~10,-7 44379E-04, 3.82472E-06, 7.4173TE~04,
“~1.31468E~05,~1.24729E-04, 1.92530E-08,-1.91764E-04, 5 30371E-08,
* 1.38186E~05,-2.81594E-08, 7.46384E-06, 2. 64404E-08, 2.45049E~04,
*~1.81802E-07,-1.00278E-03, 1.98742E-06,-1.164256-05, 1.17556€-08,
*~2.46079€-06,-3.45831E~-10, 1.02440E-05,~1.90716E-08,~4.00855E~05,

TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
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*5818E-07/
DATA (BB(1),1=1,64)/ 9.4TTS3IE-02,

.54882E-04, 5.
.4N(TSE-05, 5.
L44929E-05, 2.
.06520E-04, 3.
.55596E-05, 3.
.52002E-01, 6.
.304T76E-0T,~1.
.49278E-05,~3.
J43182E-04, 1.
.17837E-04, 1.
_458T8E-0T,~-1.
.T8343E-05, 4.
L21TT2E-06/

TA (CCCI),I=1,
.49439E-05, -4
.29159E-06, 5
JT423TE-07, 1
.43029E-03,-6.
.01689E-08, 1.
.32126E-05, 8.
.62589E-07, 3.
.680T5E~05, T.
.25531E~10/

TA (DD(I),1=1,
.08589E~05,-3.
.23614E~06, 1
.20T1TE~OT,-2.
. 64385E-03, 1
.43922E-08, 9
LFTR66E-02. 2,
.OT1TOE-06,-5.
.59537E-04,-1.
.20815E-08/

TA (EECT),I=1,
.5217TE-06, 5.
. 11206E-03,-5
.17358E-08,~3.
.34708€-03, 1
.58903E-04, 1
.18335E-04, 6.
L0256TE-05,~1
.89899E-05, 4.
.08736E-07,~3.
.63883E-03,~1.
L81949E-06,-1.
LTT496E-04, 4.
.22220E-09/

TA (FF(1),1=1,
_6T309E-06,-6.
.05718E-02, 5.
.05332E-07, 1
.20113E-01, 1
.00608E~04, 3.
.6TT55E~04,~7.
.39496E~06,-6.

L44263E-06,~1
L66T60E-05,~6.

.02160E-07, 1
.B69IYYE-02, -4

L04106E-02, 1
. 40486E-05,-13,

03665E-03,-2.
06464E-0T,~1 .
46382E-04, 9.
0TB3I6E-O0T, 6.
06465E+00,-7.
81988E-06,-8.
829T1E-01, 1
T2758E-06,-1.
50000E-04, 5.
78959E~07,-8.
93210E~01, 6.
52128E-10, 1

.51390E-05,-1

07T698E~06, 1
20112€-03, 3.
65870E-0T,-9.
48301E~03, 1
B4893E~05, 4.
55686E-05,-9

59932E-03, 8.
88020E-07,-1
93T94E-03, 6.
91233E-06,-2.

.89621E-04, -4 .

.26251E-06,-7

.59000E-02, 1

64911E-06, 1
54881E-04, 2.

95145E-03, 3.

.01230E-08,-3.
L45912E-04 ,~2.

04921E-06, 5.

3T549E-06, 1
8063TE-04,-2.
84911E-08,~1.

1.45981E~04,-1.82933E+00,
.10959E-01,-3.
L49849E-01,

45837€-05,

4364TE-OT,

L09548E-03,

7T1921€-06,
T1458E-04,
22778€E-07,
38012E-01,

L 60T44E=-06,
.2788TE-03,

57073E-07,
50058E-02,

44)/-1.88177TE-02,-1.92493E-06,-2.89064E-01,

.T63B0E~04, -4 .
.52259E-10, 3.
. B6489E-06, T.

T0000E-07,-2
76721E-04, 3
43986E-08, 8.
43T24E-06, 2
62815€-09, 2

44)/ 2.50143E-03,

39199E-05,-5.

.43153E-08,-2.

6568TE-05, 1

05401E-07,~1
40443E-05, 1
65504E-07, 1

64)/~2.TT924E+01,-1.0145TE=-03,

19106E-01, 8.

.35469E-07, 4.

51990E-03, -5

95684E-09,-2.

.25427E~04, 3.

91480E-08, 3.
42654E~03,-3.
32235E-07,-6.
8EB09E~04, 3.

64)/-5.07T092E+00,

02439E-01, 1
13160E-06,-2.

75393€-03,-4.
60285E-08, 3.
15261E-04, 4

.91756E-03,-9
.59289E-08, 7.
.90940E-~02, 2.

52998E-08, 1
95543E-05, 5.
10175E-10, 1

82449E-06,~6 .

.53783E-09,~2.
.26026E-04, 3.

27052E-07,-9.
6294FS-04, 1

32150E-07,-4.

28881E~05,-5
41990E~01,-1

.290T0E-0T, 1
.58219E~06, 2
464TTE-06, 5
73839E-04,-9.

07143E-08,-5

85563E-01, 4.

13957E-06, -6

19406E-06, 3.
62055E-08, -4
95560k~08,~3.1886TE~04,=3.

BS5T1E+00, ~4

L6O0TH9E-C5, 4

37993E-05, 5

69939E-07,~2.

04494 3E=03,~3

.05316E-08, 1

65

1.01200E-06,

. 46096E-05, 1

.61086E-03, 3.

61209E-08, 1.

L45243E-07,-2.
.30624E-02,~6.
.78689E-08, 9.

22193E-06,-2.
88496E-06, 7T
11708E-08, 1.
04239E-07, 8.
66341E-08, 3.

46161E~02,-1

.05138E~07,-2.
.26370E-08, 5.
. 66045E-01,-1

88917E-07,-1.

97400E-05,-2.

L49392E-07,-1.

30914E-05, 3.
03238E-06, 1

LBB443E-06,-6

6438B0E-04, -2

.09287E-04, 5
.31728€E-05,
.18031E-05,
L 48340E-09,
48561E-02,
28956E-06,
. 13546E-02, -

£ V- 0w -

18728E~07,
38287E~03,
97591E-10,
40815E-05,

.33820E-09,

TBRBIE-04,
16641E-10,
44637E-0T,

3.23821E+00,
.95413E-09,

15784E-01,
13658E-08,

.22811E-04,

7T8578E-08,
99488E-01,
3R786E-08,

L01148E-04,

9.21436E-02,
59651E-04, 1.
.336T9E-05,-~7.

16736E-0T,
18642E-04,

L60696E-10,
.05040E-10, 1.
.49869E-02, 4.
17883E-08, 2.
.31826E-04,-2.
16966E-05, 6.
.31361E-06,-2.
54334E-09, 6.
.21159E-07,
17T697E-07,-1.

18039E+00,
94690E-06,
79126E-02,
9B4T6E~08,
T4T44E-04,
92981E-09,
65986E-03,

05815E-05,

4.7T1960€E-03,~3.79851E-03,
.08490E-04, 5 .62210E-0T,
.03185E-03,
.32759E-08,
.10815€-02,
.31836E-04,
.8236TE-01,
.26493E-06,

TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
10TAL
TOTAL
TOTAL
TOTAL
TOTAL

TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL

TOTAL
TGTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL

TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL

TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
TOTAL




.

*-2.T2007€-02, 5.7¢523E~08,~2.98576E+00, 3.07325E-05, 1.51645E~03,
* 1.25098E-06, 4.07213E-02, 1.05964E-05, 1.04232E-04, 1.77381E-08,
* 1.92781E-01, 2.15734E-05,-).65741E-05,-1.88683E~09, 2.44803E-01,
* 1.51316E-05,-3.0)115TE-04, 8 .4T7006E~08, 1.869T1E~02,-6.9407T4E-06,
* 9.13198€-03,-2.38052E~07, 1.28552E~01, 6.92595E-06,-8.36792E-05,
*-6.10021E-08/

DATA TILYL/99./

X=XX(1)
Y=XX(2)
I=XX(3)
Y2=VYxx2
12=23%%2
R2=X*%x2+Y2+22
BX=0.

BY=0.

BZ=0.

TEST FOR LOCATIQON OF INPUT POSITION

IF THE LOCATION IS OUTSIDE THE REGION OF SERIES CONVERGENCE SET

C THE MAGNETIC FIELD TO ZERO AND FRINT AN ERROR MESSAGE
CON=1.
1F(R2.6T7.225.) GD TO 50
IF(R2.LT.4.)G60 TO 40 -

C TAPER THE FIELD LINEARLY TO ZERQ IF INSIOE R = 2.5.
IF(R2.LT.6.25) CON=CON*(R2-4.0)/2.25
IF(TILTL.EQ.TILT)GO TO &

TILTL=TILY

C IF THE TILT HAS CHANGED UPDATE THE COEFFICIENTS.
TTC1)=1
TTC2)=TILTL
TT(3)=TILTL**2
TT(Y4)=TILT*TT(3)

Do 1 I=1,32

J=(1-1)%2+1

K=I1TA(I)
ACTI=AACIITT(K)I+AA(J+1)*TT(K+2)

i BCT)I=BB(J)#TT(K)I+BB(J+1)*TT(K+2)

4 XK=ITC(1)

ECTI=EECII*TT(K)+EEC(J+1 )2TT(K+2)
| & 1 FOID=FF(J)TT(K)I+FF(J+1)2TT(K+2)
| D0 2 I=1,22

J=(1-1)%24)

& K=ITB(T)

COIN=CCOJII*TT(K)I+CCCU+1)*TTI(K+2)

| 2 DCT)=DDCJ)*TT(KI+DD(J+1)I*TT(K+2)

C CALCULATED THE FIELD FROM THE POLYNOMIAL EXPANSION
6 EXPR=EXP(-0.06%R2)

Ii=1

Ji=}

KK=1

XB=1.

00 30 I=1,5

YEXB=XB
{ po 20 J=1,3
/ IF(1+2+).G7T, &) GO 70 30

IEYEXB=YEXB
Is 1JK=1+2%)s])

o0

TOTAL
TOTAL
TOTAL
TOTAL
TOTAL
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20
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40

€

50
60

XK=0

BZ=BZ+(E(KK)+F(KK)*EXPR)*ZEYEXB

KK=KK+)
BX=BX+(A(TITI)+B(IT)*EXPR
11=T11+1

IFCIJK .GY. 8) GO TO 20
BY=BY+(C(JJ)+D(JJI®EXPR
JJ=JJ+1

ZEYEXB=ZEYEXB»Z
[JK=TJK+1

K=K+1
IF(IJK.LE.9.AND.K.LE.4)
YEXB=YEXB»Y2

XB=XBx*»X

BF(1)=Bx*CON
BF(2)=BY*xCaN
BF(3)=BZ~«CQON

RETURN

ERROR EXIT

WRITE(6,60) XX

FORMAT(4H X= ,E10.3,4H Y=
*VALID REGIDN--POWER SERIES DIVERGES BFIELD 1S SET TQ ZERD )

GO 70 40
END

Y*ZEYEXSB -

Y*ZEYEXB»Y

GG T0 10

LE10.3,4H 2=

,E10.3,T6H

IS GUTSIDE THE



SUBROQUTINE SPHRCM
SPHRCM IS A MODIFIED VERSION OF J.C. CAINIS 14 TERM FAST SPHRC
ROUTINE.
IT KHAS BEEN SHORTENED TO 10 TERMS.
IT HAS A TRUNCATION FOR LARGE R - THE TRUNCATION BETWEEN TERMS
IS SMOOTH.
IT IS SELF CONTAINED AND SET UP TO USE GAUSS NORMALIZED COEFFICIENTS.

THE 1GS75 GAUSS NORMALIZEOD COEFFICINTS THRU N=10 ARE INCLUDED WITH
THIS DECK (BARRACLOUGH,ET AL J. GEOPY. RES.,6645(1975).
THEY ARE VALID FROM 1945. TO 1975. THEY MmAY BE USED FOR LATER PERIOQDS
WITH CAUTION (I.E. THEY HAVE NOY BEEN VERIFIED)
ARGUMENT TRASMITION IS VIA COMMON.

INPUT PARAMETERS

YEAR IS THE YEAR, IF YEAR CHANGES THE COEFFICIENTS ARE UPOATED.

ST SINE OF THE GEOGRAPHIC CO-LATITUDE.

Ct COSINE OF THE GEQGRAPHIC CO~LATITUDE,.

SEH SINE OF THE GEQGRAPHIC LONGITUDE.

CPH COSINE OF THE GEOGRAPHIC LONGITUDE.

AQR 6371.2/R, WHERE R IS THE GEQOCENTRIC DISTANCE [N KMm FROM THE
CENTER OF THE EARTH.

NMAX maxIimym NUMBER OF TERMS TO BE USED (MUST BE LESS OR EQUAL

TO 10). THIS ROUTINE PRESETS IT 710 10
QUTPUT PARAMETERS

sEvEeNsNeoNeNeoNsNoRsNeoNeNeNeNeoNeoNerNeNeoNeNe e Ne Ne e Nel

BR RADIAL COMPONENT OF FIELD IN GAUSS.
BT THETA COMPONENT (SOQUTH POINTING) COMPONENT.
BP PHI COMPONENT (EAST)

DIMENSION G(10,10),CONST(20,10),FM(10), FNC10)

DIMENSION GO(10,10),6T(10,10),6TT(10,10)

COMMON/BXYZCM/YEAR, DAYYR, UT, XMLG, KODE, JSW, INITL, XMLT

COMMON /GCOM/ ST,CT,SPH,CPH, AOR, BT, BP, BR, NMAX 1-00005

DIMENSTON CONA(10)

DATA YRLAST,TF,TL,TZERD,NMAX/~12345.,1945.,1975.,1975.,10/

DATA IFIRST/0/

DATA CONA/0:,12.0,6.5,4.5,3.5,2.9,2.6,2.3,2.1,2.0/

C COEFFICIENTS FOR BASE YEAR (1975.)

DATA GO /0.,30103.6,2860.05,~3195.5,-4142.69,1737.23,-636.69,-1917
*.09,-553.01,-883.14,-5682.6,2016.5,-5213.3,6558.51,-4385.68,-3572.
*54,-1321.33,1890.53,-341.86,-1274.03,3576.17,50.32,-1414.22,-2429.

b $72,-1736.64%,-2015.83,-413.96,-66.61,145.81,-173.84,1009.8,-514.91,
y #179.46,-656.96,844.82,300.26,1935.78,~274.41,521.89,946.,-1070.27,
‘ #1040.11,-110.86,210.91,-157.15,349.42,4.91,79.03,368.96,-597.58, -2
249.08,-1140.49,759.11,185.03,-64.75,28.2,-8.84,-19.76,1.48,-20.21,
a211.71,-1500.4,-773.11,219.91,18.38,-10.48,73.61,-41.17,16.48,3.48
5,2716.97,715.23,92.15,~86.44,-151.27,52.8,8.35,3.82,~30.83,-4.52, -
+328.45,779.54,-207.1,481.25,-84.53,-99.55,27.83,10.47,-3.07,~1.29,
| #2497.11,-1705.81,-406.62,174.76,141.5,-168.76,-91.91,.52,-.18,=.3/
! C FIRST TIME DERIVATIVES OF THE COEFFICIENTS
DATA GT 70.,-26.82,37.56,9.43,3.85,-1.56,~9.38,10.19,-22.12,0.,10.
*1,-10.,~.45,32.03,12.23,10.37,-17.58,6.74,-21.45,0.,4.688,16.37,-4.
$75,9.12,15.73,-9.91,-34.82,14.77,2.24,0.,-22.01,~5.48,5 06,3.72,4.
»43,9.84,-35.27,-5.22,-17.4,0.,-29.77,-2.66,-5.35,.5,3.39,1.35,-.05
», -10.37,6.15,0.,-9.35,-20.37,12.52,-2.97,-.79,~.91,-1.88 . ~3.46,5 4
%9,0.,6.24,3.29,-2.29,8.51,~.91,-1.34,.27,-1.16,~4.26,0.,43.27,5.19
, « -1.02,-3.83,3.89,.1,-.78,.49,.68,0.,12.07,19.07,12.01,8.56,-7.27,
: *3.43,1.4,-.31,.01,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0./
€ SECOND TIME DERIVATIVES OF THE COEFFICIENTS




DATA GTT/0.,-.35,
8, ~.38.90.,0.,0,,-
»15,.24,~.55,0. 0
LRV Seer T R

'.,0.,0.,0.,0 0.
%, .0, ,0..0 .0, ’
C SET up 1N|TI§L CONSTANTS DURING FIRST CALL
[FCIFIRST.NE.Q) GO T0 199
IFIRST=1
FMm(1)=0
00 6 N=2,10
FM(N)=N~1{
FN(N)=N
D0 6 M=) ,N
6 CONST(N,M)I=FLOAT((N~2)s82-(M-]1)2%2)/FLOAT((2*N-3)»(2%N-5))
C SET UP THE COEFFICIENTS
C 1IF YEAR HAS CHANGED BY MORE THAN .1YEAR UPDATE THE COEFFICINTS.
199 IF(ABSC(YRLAST-YEAR) . LT.0.1) GO TO 230
IF(YERR GE.TF.AND.YEAR.LE.TL) GO TO 210
WRITE(6,200) YEAR
200 FORMAT(1OHO**WARNING,F7.1,23H IS OQUTSIDE TIME LIMITS)
210 T=YEAR-TZERO
D0 220 N=1,NMAX
D0 220 M=1,NMAX
220 G(N,M)= GU(N M)«T«(GTIN, H)OT'GTT(N my)
YRLAST YEAR

A8, 05,0, 51,-.5\,0. 0.
.59,0.,-.0F,.31,0,, .54,
0.,-.83,0.,0. 0
6. .5 0.,0,
0. 0

O

’ ’
0.,0.,0..0..
0.,0.,0,.0,,

c
230 AR=AQR=AQR*AOR
AR=AOR®*AOR*AOR
€2=6(2,2)#CPH+G(),2)%5PH
BR=-( AR+ AR )*(G{2,1)*CT+C2ST)
BT=AR*(C2#CT-G(2,1)%ST)
BP=AR*(G(],2)%CPH-G(2,2)*SPH)
. IF (NMAX.LE.2) RETURN
i R=1./A0R
IF(R.GT.CONA(2)) RETURN
CON=0.
SP2=SPH
-+ CP2=CPH
| P21=CT
P22=ST
y DP21=-ST
i" oP22=CT
t N=3
£ SP3=(SP2+SP2 )=CP2
I

CP3=(CP2+SP2)%(CP2-SP2)
P31=CT*P21-CONST(3,1)
| P32=CT*P22

B P33=ST*#P22

i DP31=-P32-P32

DP32=CT*DP22~P33

DP33=-DP31

C2=6G(3,2)%CP2+G(1,3)%5P2

C3=6(3,3)+*CP3+G(2,3)+SP3

AR=AOR*AR

b XR=BR-FN(3)*AR®(G(3,1)+P31+C2%P32+C32P33)

{ XT=BT+AR=(G(3,]1)+DP21+C2%0P32+C3%0P33)

1-00006
1-00007
1-00008
1-00009
1-00010
1-00011

1-00012
1-00013
1-00014
1-00015
1-00016
1-00017

1-00019
1-00020
1-00021
1-00022
1-00023
1-00024
1-00025
1-00026
1-00027
1-00028
1-00029
1-00030
1-00031




+3)+CP3)*P22)

BP=BP*ST

XP=XPsST

[FCNMAX.LE.3) GO TO 21
IF(R.GT.CONA(3)) GO TO 20

N=4

SP4=SPH*CP3+CPH*»SP3
CP4=CPH*CP3-SPH=*SP3
P41=CT»P31-CONST(4,1)%P21
DP41=CT»DP31-ST*P31-CONST(4,1)»DP21]
P42=CT»P32-CONST(4,2)%P22
DP42=CT*DP32-ST*P32-CONST(4,2)*DP22
P43=CT»P33

DP43=CT*DP33-ST*P33

P44=5T»P33

DP44=FM(4 )*P43
C2=G(4,2)%CP2+G(1,4)%5P2
C3=6(4,3)%CP3+G(2,4 )*SP3
C4=G(4,4)%CP4+G(3,4)*SP4y

AR=ADR=*AR

IFCNMAX.LE. 4) GO T0 11
IF(R.GT.CONA(4)) GO T0 10

N=5

SP5=(SP3+SP3)*CP3
CP5=(CP3+SP3)%(CP3-SP3)
PS1=CT»P41-CONST(5,1)*P31
DP51=CT»DP41-ST*P41-CONST(5,1)*0P31
P52=CT»P42-CONST(5,62)*»P32
DP52=CT»DP42-ST*P42-CONST(5,2)%DP32
P53=CT*P43-CONST(5,3)#P33
OP53=CT»DP43-ST*P43-CONST(5,3)%0P33
P54=CT*P44

DP54=CT+0P44-ST¥P44

P55=5T#P44

DPSS5=FM(5 )=P54
€2=6(5,2)»CP2+G(1,5)*SP2
C3=G(5,3)%CP3+G(2,5)*SP3
Cy=G(5,4)%CP4+G(3,5)*SP4
C5=G(5,5)=CP5+G(4,5 )*SP5

AR=AQR*AR

+4,5)%CP5)%P55)
IF(NMAX.LE.5) GO TO 21
IF(R.GT.CONA(S5)) GO TO 20
N=6
SP6=SPH»CP5+CPH=*SPS
CP6=CPH*CP5-SPH*5P5
/ ' P61=CT#P51-CONST(6,1)*P41
: DP61=CT»DP51-ST*P51-CONST( 6,1 )%DP41

BR=XR-FN(4 )xAR®(G(4,1)xP41+C2%P42+C3*P43+CH¥P YY)

BY=XT+AR*(G(4,]1)*DP41+C2%0P42+C3*0P43+C4»DPH4)

BP=XP-AR*(FM(2)%(G(4,2)%5P2~G(1,4)%sCP2)%PU2+FM(I)I%(G(4,63)85P3-5(2,
+4 )#CP3)*PU3+FM(4)»(G(4,4)*SP4-G(3,4)+CPYy)I»P4Y)

XR=BR~FN(5 )*AR#(G(5,1)»P51+C2%P52+C3*P53+4C4*P54+C5%P55)

XT=BT+AR*(G(5,1)*DP51+C2%DP52+C3#0P53+C4+DP54+C5%DP55)

XP=BP~AR®(FM(2)*(G(5,2)%SP2~G(1,5)%CP2)*P52+FM(3)»(G(5,3)%5P3-G(2,
+5 )8CP3)*P53+FM(4)%(G(5,4)%5P4-G(3,5)%CP4 )«P5S4+FM(5)x(G(5,5)%SP5-G(

XP=BP-AR*(FM(2)%(G(3,2)¥SP2-G(1,3)%CP2)sP21+FM(3)2(G(3,3)s5P3-G(2,1-00032

1-00033
1-00035
1-006035

1-00037
1-00038
1-00039
1-00040
1-00041
1-00042
1-00043
1-00044
1-00045
1-00046
1-00047
1-00048
1-00049
1-00050
1-00051
1-00052
1-00053
1-00054

1-00057
1-00058
1-00059
1-00060
1-00061
1-00062
1-00063
1-00064
1-00065
1-00066
1-00067
1-00068
1-00069
1-00070
1-00071
1-00072
1-00073
1-00074
1-00075
1-00076
1-00077
1-00078

1-00081
1-00082
1-00083
[-0008%
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P62=CT*P52-CONST(6,2)%P42 1-00085

0P62=CT*0P52-ST*#P52-CONST( 6,2 )*DP42 1-00086
P63=CT*P53-CONST(6,3)%P43 1-00087
DP63=CT*DP53~ST*P53-CONST(6,3)*DP43 1~00088
Po4=CT*PS4-CONST( &, 4 )vP4Y 1-00089
DP64=CT*DP54~ST*P54-CONST(&,4 )»0P4Y 1-00090
P65=CT*P55 : 1-00091
OP65=CT*0P55-ST*P55 . 1-00092
P66=ST*P55 : 1-00093
DP66=FM( 6 )*P65 1-00094
C2=G(6,2)%CP2+G(1,6)%5P2 1-00095
C3=G(6,3)»CP3+G(2,6)*SP3 i _ 1-00096
C4=G(6,4)%CP4+G(3,6)%SPY 1-00097
C5=G(6,5)*CP5+G(4,6)*SP5 1-00098
C6=G(6,6)xCP6+G(5,6)*5P6 1-00099
AR=AODR* AR 1-00100
BR=XR~FN(6 )¥AR®(G(6,1)¥P61+C2%P62+C3*P63+C4*P64+C5%P65+C6%P66) 1-00101
BT=XT+AR*(G(6,1)*DP61+C2xDP62+C3%DP63+CY*DP64+C5*DP65+C6%DP66 ) 1-00102

BP=XP~AR*(FM(2)%(G(6,2)*SP2~G( 1,6 )¥CP2)¥P62+FM(3)*(G(6,3)*5P3-6G(2,1-00103
6 )%CP3)*PE3+FMIH )= (G( 6,4 )xSP4=G(3,6 )xCP4 )*PE4+FM(5)%(G(6,5 )x5P5-G(1-0010%
+4,6)%CP5 )*P65+FM(6)*(G(6,6)¥SP6=-G(5,6)%CP6)I¥P66) 1-00105
IF(NMAX.LE.6) GO TO 11
IF(R.GT.CONA(6)) GO TO 10

N=T
SP7=(SP4+SP4)»CP4 1-00108
CP7=(CP4+SP4 )»(CP4-5SP4) 1-00109
P71=CT»P61-CONST(T,1)*P51 1-00110
DP7T1=CT*DP61-ST*P61-CONST(7,1)*DPS1 1-00111
P72=CT*P62-CONST(T7,2)¥P52 1-00112
DP72=CT*DP62-ST*P62-CONST(7,2)*DP52 1-00113
P73=CT*P63-CONST(T7,3)%P53 1-00114
DP73=CT*DP63-ST*P63-CONST(7,3)*0P53 1-00115
PT4=CT*P64-CONST(T7,4)%P5S4 1-00116
DP74=CT*DP64-ST*P64-CONST( 7,4 )*DP54 1-00117
P75=CT*P65-CONST(7,5 )%P55 1-00118
DP75=CT*DP65~ST*P65-CONST(7,5)»DP55 1-00119
PT6=CT*Pb6 1-00120
DP76=CT*DP66~ST*Pbéb 1-00121
PTT7T=ST*P66 1-00122
DPT7=FM(T7)*PT6 1-00123
C2=G(T7,2)%CP2+G(1,7)%5P2 1-00124
C3=G(7,3)»CP3+G(2,7T)»SP3 1-00125
C4=G(7,4)»CP4+G(3,7)*SPY 1-00126
C5=G(7,5)1*CP5+G(4,7)*5P5 1-00127
C6=G(T7,6)%CP6+G(5,7)*SP6 1-00128
C7=G(7,7)=CP7+G(6,7 )*SPT 1-00129
AR=AQOR*AR _ 1-00130
XR=BR~FN(T7)»AR*(G(7,1)%PT71+4C2%PT72+C3%PT73+C4*PT44+C5¥PT5+4C6*PT76+C7»P1-00131
+T17) 1-00132
XT=BT+AR=(G(7,1)*DP71+C2*DP72+C3%0P73+C4*DP74+C5+DP75+C6»DF75+L7»D1-00133
+P77) 1-00134%

XP=BP~AR®(FM(2)*(G(T7,2)%SP2-G(1,7)#CP2)*PT2+FM(3)»(G(7,3)»SP3~6G(2,1-00135
+7)%CP3)#PTI+FM4 ) (G(T 4)%SP4=G(3,T)*CP4)I*PTH4+FM(5)%(G(T7,65)1%SP5~6(1-00136
+4 T)*CPS )#PT54FM(6 )% (G(7,6)*SP6=-G(5,T)*CP6)*PTE+FM(T)I®(G(T,7)*SPT~1-00137
+G(6,7)»CPTHI*PTT) 1-00138

[F(NMAX.LE. 7)) GO TO 21

IF(R.GT.CONA(CT)) GO TO 20
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N=8 =

SP8=SPH»CPT+CPH»SP? 1-00141
CP8=CPH*CP7-SPH*SPT : 1-00142
P81=CT*PT7T1-CONST(8,1)*P61 1-00143
DP81=CT*DPT1~ST*PT1-CONST(8,1)sDP61 1-00144
P82=CT*P72-CONST(8,2)*P62 1-00145
DP82=CT#DP72~ST*PT2-CONST(8,2)%DP62 1-00146
P83=CT=P73-CONST(8,3)%P63 1-00147
DP83=CT*DP73~ST*PT3-CONST(8,3)%DP63 1-00148
F84=CT*PT4~CONST(8,4)»P6H4 1-00149
DPB4=CT+DP74~ST*PT4-CONST(Q,4 )s0P64 1-00150
PR5=CT«PT5~CONST(8,5)%P65 1-00151
DP85=CT#DP75~ST*-75-CONST(8,5 )sDP65 1-00152
P86=CT*P76~CONST(8,6)%Pbb 1-00153
DP86=CT*DP76~ST*P76~-CONST(8,6)%DP6b 1-00154
P8T=CT*P77 1-00155
DP8T7=CT*DPTT~-ST*P77 1-00156
P88=ST»PT7 1-00157
DPE8=FM(8)%PBT ' 1-00158
C2=6(8,2)*CP2+G(1,8)%5P2 1-00159
C3=6G(8,3)*CP3+G(2,8)*SP3 1-00160
C4=G(8,4)xCP4+G(3,8)%SPY 1-00161
C5=G(8&,5)*CP5+G(4,8 )*SP5 1-00162
C6=G(8,6)%CP6+G(5,8)*SP6 1-00163
C7=6(8,7)*CP7+G(6,8)%SP7 - 1-00164
C8=G(8,8)*CPB+G(7,8)%5P8 1-00165
AR=ADR*AR 1-00166
BR=XR~FN(8)*AR*(G(8,1)*P81+C2%PB2+C3%P83+Cy»P84+C53PB5+C6*PB6+CT#P1-00167
+87+C8+P88) 1-00168
BT=XT+AR*(G(8,1)*DP81+C2*DP82+C3*DP83+Cy*DPB4+CS*DP85+C62DP86+CT*D1-00169
+P8T7+C8+DP88) 1-00170

BP=XP~AR*(FM(2)%(G(8,2)*SP2~G(1,8)%CP2)*P82+FM(3)%(G(8,3)#5P3-G(2,1-001T1
+8)%CP3)*PB3+FM(4 )%(G(8,4)*SP4-G(3,8)%CP4)sPB4+FM(S)*(G(8,5 )*SP5-G(1~00172
+4,8)%CP5 )*P85+FM(6)%(G(8,6)%SP6-G(5,8)%CP6)I*PB6+FM(T)x(G(8,7)eSPT-1-00173
+G(6,8)%CPT)*PBT+FM(8)x(G(8,8)xSP8-G(7,8)xCP8 )%P8S) 1-00174
IF(NMAX.LE.8) GO TO 11
IF(R.GT.CONA(8)) GO TO 10

N=9

SP9=(SP5+SP5 )=CP5 1-00177
CP9=(CP5+5P5 )»x( CP5-5P5) 1-00178
P91=CT»P81-CONST(9,1)%PT1 1-00179
DP91=CT»DP81-ST*P81~CONST(9,1)*DPT1 1-00180
P92=CT#P82~-CONST(9,2)*PT2 1-00181
DP92=CT»DP82-ST*P82~CONST(S9,2)»DPT2 1-00182
P93=CT*»P83-CONST(9,3)*PT73 1-00183
DP93=CT»DP83-ST*P83-CONST(9,3)»DPT73 1-00184
P94=CT»PB84-CONST(9,4 )*PTH 1-00185
DP94=CT»DPB84-ST*P84-CONST(9,4)»DPT4 1-00186
P95=CT=P85-CONST(9,5 )*PT5 1-00187
DP95=CT*DP85-ST*P85-CONST(9,5 )=«DPT75 1-00188
P96=CT#P86-CONST(9,6 )*PT6 1-00189
DP96=CT*0PB6-ST*PB86-CONST(9,6)»DPT76 1-001990
P97=CT#P87-CONST(9,7)*PT7 1-00191
0P97=CT»DPB8T7-5T#P87~CONST(9,7)»DP77 1-00192
P98=CT»P88 1-00193
DP98=CT+DP8B-ST*»PB88 1-00194
P99=5T#P88 ’ 1-00195%
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BP39=FM(9)»P98 i 1-00196

C2=6G(9,2)*CP2+G(1,9)%SP2 X ; 1-00197
€C3=G(9,3)%CP3+6(2,9)+5P3 1-00198
C4=G(9,4)»CP4+G(3,9)%SPY 1-00199
C5=G(9,5)%CP5+G(4,9 )*SP5 1-00200
C6=G(9,6)%CP6+G(5,9)85P6 1-00201
C7:G(9,7)~CPTOG(6,9)-SP7 1-00202
C8=G(9,8)xCP8+G(7,9)5P8 1-00203
€9=G(9,9)%CPI+G(8,9)sSP9 1-00204
AR=ADR*AR 1-00205
XR=BR-FN(9)*AR*(G(9,1)sP91+4C2%P924C3eP93+CH*PI4+C52P9S+Ct2PI6+CT*P1-00206
+97+C8*P98+C9*P39) 1-00207
XT=BT+AR*(G(9,1)sDP91+C250P92+C3*0PI3+C4sDPI4+C5sDPI5S+C63DP9I6+C7201~00208
+P97+C8*DP98+CI*DP99) 1-00209

XP=BP-AR®(FM(2)%(G(9,2)85P2-6(1,9)sCP2)eP92+FM(3)s(G(Y,63)25P3-G(2,1-00210
+9)%CP3)%PII+FM(4 )8(G(9,4)5SP4=G(3,9)#CPY )sPIHeFM(S)e(G(9,5)e5P5-G(1~00211
+4,9)5CP5)PIS+FM(6)#(G(9,6)%SP6~G(5,9)sCP6 )sPIS+FM(T)I®(G(9,T)IsS5PT-1~00212
+G(6,9)%CPT)I*PIT+FM(B)®(G(9,B8)8SPB-G(T,9)8CPB)IsPIB+FM(9)I*(G(9,9)25P1~-00213
+9-G(8,9)%CP9 )%P99) ' 1-00214

IFCNMAX.LE.9) GO TO 21

IF(R.GT.CONA(9)) GO TO 20

N=10
SP10=SPH*CPI+CPHaSP9 1-00217
CP10=CPH*CP9-SPHaSP9 1-00218
P101=CT*P91-CONST(10,1)sP81 1-00219
DP101=CT*DP91-ST*P91-CONST( 10,1 )»DP8] 1-00220
P102=CT*P92-CONST( 10,2 )sP82 1-00221
DP102=CT*DP92-5T#P92-CONST( 10,2 )»0P82 1-00222
P103=CT*P93~CONST(10,3)%P83 1-00223
OP103=CT*0P93-5ST*P93-CONST(10,3)»DP83 1-00224
P104=CT*P94~CONST( 10,4 )%P84 1-00225
DP104=CT*DP94~ST*P94-CONST( 10,4 )sDPBY 1-00226
P105=CT2P95-CONST(10,5)sPBS 1-00227
DP105=CT*0P95~ST*P95-CONST( 10,5 )»DP8S 1-00228
P106=CT»P96-CONST(10,6)%P86 1-00229
DP106=CT*DP96~ST*P96-CONST( 10,6 )5DP86 1-00230
P10T=CT*P§7-CONST(10,7)sP87 1-00231
DP107=CTDP9T~ST#P9T-CONST( 10,7 )sDP8BT 1-00232
P108=CT*P98-CONST(10,8)%P88 1-00233
DP108=CT#DP98~ST*P98-CONST(10,8)%DP8S 1-00234
P109=CT*P99 1-00235
DP109=CT#DP99~ST*P99 1-00236
P1010=5T*P99 1-00237
DP1010=FM(10)P109 1-00238
€226(10,2)%CP2+G(1,10)%5P2 1-00239
£3=6(10,3)%CP3+G(2,10)%5P3 1-00240
C4=G(10,4)%CP4+G(3,10)s5PY 1-00241
C5=G(10,5)%CP54G(4,10)%5P5 1-00242
C6=G(10,6)%CP6+G(5,10)85P6 1-00243
C7=6(10,7)aCPT+G(6,10)85PT 1-00244
C8=G(10,8)%CP8+G(7,10)5P8 1-00245
£9=G(10,9)%CP9+G(8,10)*5P9 1-00246
C10=6(10,10)*CP10+G(9,10)%5P10 1-00247
AR=AQR*AR 1-00248
BR=XR-FN(10)*AR®(G(10,1)%P101+C22P102+C3%P103+4C4sP104+C5*P105+4C6%P1-00249

+106+CT7%P10T+CB%P108+4C9*P1C9I+C10%P1010) 1-00250

BT=XT+AR*(G(10,1)%DP101+C2+DP102+4C3+0P103+4C4=*DP104+C5+0P105+C6#DP11-00251
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+06+C7»DP107+C8%DP)08+C9»DP109+C10*0P1010) 1-00252
BP=XP-~AR*(FM(2)%(G(10,2)*5P2-G(),10)»CP2)*P102+FM(3)»(G{10,3)#SP3-1-00253
+G(2,10)%CP3)¥P103+FM(4)e(G(10,4)8SP45-G(3,10)sCP4)¥P104+FM(5)#(G(101-00254
+,5)%5P5-G(4,10)xCP5 )«P10S+FM(6)%(G(10,6)%SP6-G(5,1))»CP6)*P106+FM(1-00255
+T)*(GC10,7)%SP7-G(6,10)*CPT7)I*P107+FM(B8)*(G(10,8)%5PB8-G(7,10)#CPB)*1-00256
+P1OB+FM(9)*(G(10,3)#SP3-G(8,10)%CPI)»P109+FM(10)%(G(10,1C)*SP10-G(1-00257

1-00258

+9,10)%CP10)»P1010)
1-00474

| BP=BP/ST
IF(NMAX.LE.10) RETURN
WRITE (6,2) NMAX
STOP

1-00476
1-00477
1-00478
FORMAT(S5THO ERROR, THIS SPHRC ONLY FOR NMAX=<10, CALL WAS FOR NMAX
*=,15)
MAKE A SMOOTH FIT BETWEEN TRUNCATED TERMS.
CON=(R-CONA(N))/(CONA(N-1)-CONA(N))
BR=BR+( XR-BR)*CON
BT=BT+(XT-BT)*CON
BP=(BP+( XP-BP)*CON)/ST
RETURN
CON=(R-CONA(N))/t CONA(N~1)-CONA(N))
BR=XR+(BR-XR)*CON
BT=XT+(BV-XT)»CON
BP=( XP+{(BP-XP )»CON)/ST
RETURN

END 1-00480
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SUBROUTINE ANGLE(TILT,SINPHE, COSPHE)

THIS ROUTINE CALCULATES THE ANGLE BETWEEN THE DIPOLE AXIS AND THE
SUN-EARTH LINE AS WELL AS THE ROTATION SINES ANO COSINES TO CONVERT
FROM GEOMAGNETIC TD SOLAR MAGNETIC COORDINATES.

INPUT PARAMETERS ARE VIA COMMON/BXYZICm/

DAYYR IS THE DAY OF YEAR (1-366.). IT MUST BE A WHOLE NUMBER.
DAY 1 IS JANUARY 1
urt IS THE UNJVERSAL TIME IN HOURS (0.-24.)
QUTPUT PARAMERS ARE VIA THE PARAMETER LIST IN THE ARGUMENTS
TILT IS 90-PSI. WHERE PSI IS THE ANGLE BETWEEN THE DIPOLE AXIS
AND THE SOLAR DIRECTION.
SINPHE SIN(BETA) X
COSPHE COS(BETA) BETA IS THE ROTATION ANGLE FROM GEOMAGNETIC
TQ SOLAR MAGNETIC COORDINATES
COMMON/BXYZCM/YEAR, DAYYR,UT, XMLG,KODE, JSW, INITL, XMLT
DATA IFIRST/0/ '

THE FIRST TIME THROUGH THE SUBROUTINE SET UP FIXED CONSTANTS.
IFCIFIRST.NE.O) GO TO 10
IFIRST=1
PI2=ATAN2(O.,-1.)/2.

CON=90./P[2
SALF=SINC11.T7/CON)
CALF=CO0S(11.7/CON)
SGAM=SIN(23.5/CON)
CGAM=C0S(23.5/CON)
SASG=SALF*SGAM
SACG=SALF*CGAM
CASG=CALF*SGAM
CACG=CALF*CGAM
W=PI2/6.%().+1./365,256)

MAIN ENTRY SET UP SINES AND COSINES
WT=(UT-16.6+(DAYYR=-1T72. )%24. )*W
CWUT=-WT/365.256
SSMLT=SIN(WT)

CSMLT=COS(WT)
SBWT=SIN(CWT)
CBWT=COS(CWT)
SMLSWT=SSMLT*SBWT
SMLCWT=SSMLT*CBWT
CMLSWT=CSMLT*SBWT
CMLCWT=CSMLT=CBWT

COMPONENTS OF THE DIPOLE AXIS ARE IN ECCLIPTIC COORDINATES
2X=CASG*CBWT+SACG*CMLCWT~SALF*SMLSWT
ZY=CASG*SBWT+SACG*CMLSWT+SALF*SMLCWT
22=CACG-~SASG*CSMLTY
PSI=ACOS(ZX)
0SP=1./(SINCPSI))

TILT=CON®(PI2-PSI)

COMPONENTS OF GEOMAGNETIC X AX!S IN ECCLIPTIC COORDINATES
Xx=CACG#»CMLCWT-SASG*CBWT-CALF*SMLSWT
XY=CACG*CMLSWT-5ASG*SBWT+CALF=xSMLCWT
xZ=~CASG*CSMLT-SACG
SINPHE=(XY*®ZZ~XZ*#ZY )*0SP
COSPHE=(XX¥(ZZ*ZZ+2Y " ZY)-ZX¥{(XY%2Y+X2Z%77 ))%QSP
RETURN
END




SUBROUTINE INTERP(BB,CC,D,E,J)

INTERPOLATION ROUTINE

GIVEN A SET OF THREE POINTS BB(3) AND CC(3), WITH CC THE INDEPENDENT

VARIABLES X AND BB THF DEPENDENT VARIABLE Y, INTERP FINDS THE SOLUTION

TO THE THREE LINEAR EQUATIQON EXPRESSING Y AS A SECOND ORDER

POLYNOMIAL OF X.

IF J LESS THAN ZERO, SET D TO THE MINIMUM VALUE OF THE DEPENDENT
VARIABLE

IF J GREATER THAN ZERO SET D TO THE VALUE OF THE INDEPENDENT
VARIABLE SUCK THAT THE OEPENOENT VARIABLE Y EQUALS E.
SINCE THERE ARE TWO ROOTS TO THE EQUATION CHOOSE THE ONE
CLOSEST YO CC(K), WHERE K=3 IF J=1, K=2 IF J=4, K=1 IF J=2.

OO0OO0O0O0OO00O0O0O0O0O00000

E DIMENSION BB(3),CC(3)

’ Y1=ALOG(BB(1))
¥2=ALOG(BB(2))
¥Y3=ALOG(BB(3))
X2=CC(2)~CC(1)
X3=CC(3)-CC(1)
DD=(X3-X2)¥X2%X3
A=(X3%(Y]1-Y2)+X2%(Y¥Y3-Y1))/DD
B=(X3%*2(Y2-Y])-X2%¥2%(Y3-Y1))/DD
IF(J.LT.0)G0 TO 100
C=Y1-ALOG(D)
DIS=Bx*2-4. »AxC
IF(DIS.LE.O0.)STOP
DIS=SQRT(DIS)
SA=(-B+DIS)/(2.%A)+CC(1)
SB={-B-DIS)/(2.%A)+CC(1)
E=SA
K=3
IF(J.EQ.4) K=2
IF(J.EQ.2) K=1
IF(ABS(SB-CC(K)).LT.ABS(SA-CC(K)))E=SB
RETURN

100 X=-B/(2.%A)

] EzEXP(AxX¥¥2+BxX+Y1)

' RETURN :
END
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SUBROUTINE MAXFIX(BMAX,BMIN)

MAXFIX MODIFIES BMAX SUCH THAT THE COMPUTED L BETTER FITS THE
DRIFT SHELLS OF ISOTROPIC PARTICLE DISTRIBUTIONS.

COMMON/BXYZCM/YEAR, DAYYR,UT, XMLG,KODE, SSuW, INITL, XMLT
IF JSW LESS THAN OR EQUAL TO ZERO, AVERAGE L SHELLS ARE NOT WANTED.
IF(JSW.LE.O)RETURN
IF BMAX IS GREATER THAN 3*BMIN NO MODIFICATION IS REQUIRED, DRIFT
SHELLS ARE ALREADY CLOSE TO AVERAGE AND NO FURTHER CHANGE WILL OCCUR.
IF(BMAX.GT.3.*BMIN) RETURN
CALCULATE PRELIMINARY VALUE OF L -- IF L LESS THAN 3, AVERAGE
SHELL DOES NOT CHANGE.
EL=(0.311653/BMIN)=»(1./3.)
IFCEL.LT.3.) RETURN
CON=1.3
IF(EL.LT.5.) CON=1.+0.15%(EL-3.)
BMAX=AMINL(3.*BMIN, CON¥BMAX)
RETURN
END




SUBROUTINE CARMEL (B,XI,VL) CARMLOOO
€ COMPUTE L CARMLOO)
IFCXT-1 . 0E=-36014, 14,615 CARMLOA2
14 VL=(0.311653/B)»=s()./3.) CARMLOB?2
RETURN CARMLOC?2
15 XX=3.0*ALOG(XT)

XX=XX+ALOG(B/0.311653)
IFCXX+22. 31,1,8 CARMLOO]
8 IF(XXx+3.12,2,9 CARMLOO0Y
§ IF(XX-3.13,3,10 CARMLOOS
Y0 TECKX=LL T )4, 4 1Y CARMLOOG
11 IF(XX-23.)5,5,6 CARMLOO7
GG=.333338%XX+.30062102 CARMLOOR
GO TO 7 CARMLOO9
2 GG=C(((((((-8.153TT35E~-14*XX+8.3232531E-13)%XX+1.0066362E-9)%XX+ CARMLOY O
18.1048663E-8)%XX+3,2916354E-6)%xxXX+8.2T11096E-5)%XX+1.3T14667TE-3)» CARMLOI]
2XX+.015017245 )% XX+ . 43432642 )*XX+.6233T7691 CARMLO2
GO 10 7 CARMLOI3
3 GG=C(C(((((2.6047TU23E-10*XX+2.302876TE-9)%XX-2.1997983E-8)»XX- CARMLO1 Y
)5.39776H2E—7)4XX-3.3408822E-6)-XXf3.83799\7E~5)'XX41.178423“E-3)' CARMLO1S
2XX+1 4492481 E-2 )%XX+. 43352788 )*XX+.6228644 CARMLOI6
GO 70 7 CARMLOLT
4 GG=((((((((6.32T1665E-10*XX-3.958306E-81%XX+9.9766148E-07 I)=XX~ CARMLOI8
11.2531932E-5)%XX+7.9451313E-5)*xX-3.2077032E-4)*XX+2.1680398E-3)= CARMLO19
2XX+1 . 2B17956E-2)%XX+.43510529)*XX+.6222355 CARMLO20
GO TO 7 CarRmMLO21
5 GG=(((((2.8212095E-8%XX~3.80492T7T6E-6)*XX+2. 170224E~4 )*XX-6.7310339CARMLO22
1E-3)*XX+.12038224 )%XX-. 18461796 )%XX+2.0007187 CaARMLO23
Go 10 7 CARML 024
6 GG=XX-3.0460681 CARMLOZS
T VL=(((1.0+EXP (GG))*»0.311653)/B)*»*(1./3.) CARMLO26
€ END COMPUTE L CARMLO27
RETURN CARM(L Q28
END CARMLO29
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Sectign 6.0

APPENDIX B - COORDINATE TRANSFORMATIONS AND RELATED
ANALYTIC DERIVATIONS

The magnetospheric magnetic field model described in Section 2 is represented

in solar-magnetic coordinates. To use the model it is frequently necessary to
express the companents of the vector field in geographic or geomagnetic ccor-
dinates. Transformations between these coordinate systems are described below.
Normally such transformations are time consuming and non analytic because of the

earth's elliptical orbit around the sun. Here however the approximation of a

circular orbit is made. This permits the transformations to be analytic and to

require a minimum of computer time. The fransformations are used in subroutines

ANGLE and BMNEXT described in Appendix A.

6.1 Coordinate Transformations

Define a as the angle between the rotation and geomagnetic dipole axes, y as the
angle between the rotation axis and the perpendicular to the ecliptic plane. Two
angular velocities are also defined, 9 as the velocity of the earth around the

sun and w as the earth's angular velocity about its rotation axis. Also the time,
t, is measured from magnetic noon at summer solstice when the rotation and dipole

axes and the sun-earth line are coplanar.

It is desired to add the external field (given in solar magnetic coordinates)

vectorially to the internal field represented in geographic or qgeomagnetic

coordinates. To do so the following three coordinate systems are defined.




(1) the X.Y'Z' - ecliptic coordinates with Xl always toward the sun, Z
perpendicular to the ecliptic plane.

(2) the XG, YG, ZG coordinates - with ZG coincident with the geographic
rotation axis. Time is measured such that at t = 0 to the YG axis is

in the ecliptic XZ plane as is ZG. The angle y between ZG and Z is

23.5%
E (3) the XM, YM, ZM coordinates - with ZM coincident with the geomagnetic
dipole axis. The angle o between ZM and ZG is 11.7°. At t = 0, XM

and YW are in the XG, ZG plane.

k. 1
k Note that Y ,YG, and YM are not usually coplanar.

The external field is given in 4 variables, the position X,Y,Z, and the "tilt"

L}
angle, u, between the X (ecliptic axis - toward the sun) and the solar

magnetic Y axis - defined below.

Solar magnetic coordinates are defined in terms of the magnetic dipole axis and

the sun earth line ( the X' axis in solar ecliptic coordinates). The You axis
1]

is in the plane formed by the X and ZM (= ZSM) axes. The YSH axis then forms

the orthogonal set.

T T T

bl Inputs to the transformations must include the position in geocgraphic coordinates

where B is to be found, the universal time of day, t, and the day of the year, T.

In order to agree with these coordinate definitions t and T must be “corrected” -
to magnetic moon summer solstice. T and t as discussed here are "corrected" - i.e.,

measured from magnetic moon at summer solstice.




Normally these transformations take much computer time and involve the equation
of time which is not in closed form. However, great computational effort

is avoided if it is assumed simply that the earth is in circular orbit around

4 the sun. Then all transformations are analytic and require Tittle cohputer time.

: Given X,Y,Z in geographic coordinates, and t and T (T is an integer variable),

the position must be transformed to soiar magnetic coordinates and the tilt

angle found, N e Z
1<
i
X =r sin 6 cos ¢ . |
X |

Y =r sing sin ¢ T s
Z=rcos 8 /:y//) \\\\\\\\\ 4

where 8,6 are geographic latitude and east longitude (measured from Greenwich).

(]

The transformation then proceeds as follows.

l
|
= |
Rotate to the dipole longitude. 2224 }
XA = X g- Y sin B |
= X cos B- Y sin
| XA {
& YA = Y cos B+ X sin B e (
A X %3( s ;
. IA = Z / \ “
; \ \\§>
3 Rotate to the dipole axis about YA axis. - 3 rr
;/t"i
i B = XA cos a- ZA sina
YB = YA
ZB = ZA cos a+ XA sin a




XB, YB, ZB then give the position in geometric coordinates and the

- A T WO ;
e e e ————— .t
1

geomagnetic longitude of the point is

: s -1,XB
3 ¢, = tan (VE)'
A final rotation about the magnetic axis is needed to transform to solar

| magnetic coordinates. To do this the tilt angle, u, must be computed. Thié is

best done by expressing !, the unit vector along the magnetic dipole axis, in

ecliptic coordinates

using the coordinates defined above.

« to sun

In terms of unit vectors (their direction indicated by subscript), here the

e e T

geomagnetic cocrdinates are to be expressed in terms of ecliptic coordinates. Thus

90
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~ .

MZM = kZG cos a + ’XG coswtsina + Jya sinw t sina
s T 1XG cos w t cos a + Jye sinw t cos a - k0 sin & 1

Al AL Al

Then, in ecliptic coordinates (i, Jj, k )

Lamcianda il oo b

A Al AN 'tl

iXG = -~k siny+ i cosQtcosy+J sinQ tcosy

~ Al A j
ye j cosQt-1 sinQt :
~ Al ~l Al

kzg = k cosy+ 1 sinycosat+J sinysinat :

Then, the angle, ¢, between the earth sun line and the dipole axis (the complement

of the tilt angle, W) is given by

cos ¢ = ﬁZM : 4 which by inspection is:

cos g =cosasinycos Qt
+coswtsinacos Qt cosy
-sinwtsinasinQt
Thus ¢ = cos™! (cos a sinycos @ t

+sina (coswtcosQtcosy-sinwtsin? t))

and finally u = %- - Ge

It remains to find the rotation angle § between the magnetic prime meridian at

~ ~ ~ aly
the equator, 1XB’ and the solar magnetic X axis (iGM). From u and M,y and 1

construct the jSM (solar magnetic axis). (MZM = MSM)
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The angle, ¢, between jSM and the 3YM axis (in geomagnetic coordinates is given

by
’: 3 3 = ‘ -
Jou © dyw = srr MMy -ty W ccess
where 1

MY =cos asinysinQt+coswtsinasin tcosyt sin wt sin a cos at

M, = cos a €OS y-coswtsinasiny

A
GMY =coswt cosQt -sinwtsinQtcosy

GMZ =2sinw tsiny

To determine ¢ (the angle between the solar-magnetic X axis and the geomagnetic

X axis) over the full range of angles (8 ta 2m radius) it is necessary on the

computer to use the tan'] function in place of the cos'] function described above.
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Thus ;GM (described above as iXM) must be projected onto the solar magnetic

?SM and 3SM axis. Then,

?GM = ?SM (cos w t cos o cos @ t cos y - sinw tcosasinQt
-sing sinycosot) +

3SM (cos w t cos a sin @ t cos y + sin wtcosacosQt
- sinasinysinQt) +

;SM (- cos w t cos a siny - sina cosy)

i

A
O | = cosw¢tcosacos Gtcosy

-sinwtcosasinQ2Qt~sinasinycos @t

~ ~

1GM . jSM coswtcosasinQt cosy

+sinwtcosacost-sinasinysinQt

The angle ¢ is then given by

The transformation between geomagnetic and solar magnetic coordinates is then

simply a rotation through the angle ¢ (as determined above).

Z8 =Z 725M
XSM = XB cos ¢ - YB sin ¢
YSM = YB cos ¢ + XB sin ¢
X8 — =

D —
7

e
AN Fh3 »
ey 28l e



Given the magnetic field in solar magnetic coordinates,

B = Bx1SM + BYJSM + BZkSM

(1) rotate back through the angle ¢ to geomagnetic coordinates.

B2M=B2Z
BZIM = BZ
: BXM = BX cos ¢
l + BY sin ¢
BYM = BY cos ¢ - BX sin ¢ EX

| IR
BX M \

(These components can be added to an internal magnetic field expressed in,\§25' ‘BVM i

geomagnetic coordinates.) 8Y
| : g
(2) Rotate the magnetic into the dipole axis about BY. Bzrg
el
*, " | GX = BXMcos a + BZM sina \
' GY = BYM
b | GZ = BZIMcos a - BXM sin a 2 0.‘(
4 o
J | BKr
A : (3) Rotate the longitude back to Greenwich about GZ BYMz6 1}
GZ2=BZ :
BX = GX cos B + GY sin 8

&
'2 2 BY = GY cos 8 - GX sin g
i BZ = GZ
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These components can then be added to a main field representation given in

geographic coordinates.

Note that the derivation of the analytic form of the tilt angle, u, and of

the rotation angle between solar magnetic and geomagnetic coordinates, ¢, has

also been given in the above transformations.

6.2 Time Derivation of the Tilt Anqgle

Since the induced electric field, —E’;. resulting from the daily variation in the
| tilt angle, u, is given in terms of the magnetic vector potential, T, (EI = - g%)
it is necessary to compute the time variation in u, This is because A is given as

a function of py and not t. Thus
<k -
= . (9By (3
£ (au) (at) . Then since

u= %-¢ o cos™! (ZX) where

ZIX = cosasinycosqQt+coswtsinacosqtcosy

5
j -sinw t sina sin Q t.
%

It follows that
%‘% . %% . Then, since generally |
dyY

-1 X
%x cos™" (Y)) = B i i

e

SHer
)

-
£
ey




i
.‘~J _3 (2x)
) a at 3
; or L . Finally
= /1 - (0?2 |
%i:' (zX) = -qncos asinysing t
7 -w sinwtsinacos -t cosy
-0 coswtsinasinQ tcos vy
-w coswt sinasing t
-Q sinwtsinacosQt
& |
: which can be used to find -g—‘é analytically.
;
.‘ “ 1
x|
3 i
‘ . b
), i
1
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